Mechanical design of a small all-terrain robot by TOH SZE WEI
MECHANICAL DESIGN 
OF A 
SMALL ALL-TERRAIN ROBOT           
TOH SZE WEI                
DEPARTMENT OF MECHANICAL ENGINEERING 




SMALL ALL-TERRAIN ROBOT           
TOH SZE WEI 
(B. Eng. (Hons.), NUS)     
A THESIS SUBMITTED   
FOR THE DEGREE OF MASTER OF ENGINEERING 
DEPARTMENT OF MECHANICAL ENGINEERING 
NATIONAL UNIVERSITY OF SINGAPORE       
DEPARTMENT OF MECHANICAL ENGINEERING 
NATIONAL UNIVERSITY OF SINAGPORE  
2002  
 Mechanical Design of a Small All-Terrain Robot  Page i   
Master of Engineering Thesis 
A. ABSTRACT 
The project involved the exploratory development of a small all-terrain robot that has excellent 
mobility performance in the urban environment. The main motivating force behind this project 
was to have a small man-portable robot to perform urban reconnaissance and surveillance for 
security purpose, as well as to perform urban search and rescue for civil defence purpose.  
The scope of the project focused mainly on the mechanical design of an articulated track 
robot, which has a maximum speed of 0.9m/s, and is able to overcome 18cm step, 30cm ditch, 
45 slope and climb staircase. The most crucial articulated track mechanism is made up of the 
vehicle drive mechanism and vehicle flipper mechanism. During the design of the robot, 
component packaging, ruggedization and modularity had mostly been taken care of.  
This document gives a full documentation of the mechanical design of the various mechanical 
modules and the four prototype developments of the robot.  
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1. INTRODUCTION 
The advances in miniaturisation technologies have gave rise new developments in small 
mobile robotics platforms. Many mobile robots have been developed to reduce human activity 
in hazardous tasks such as explosive ordnance disposal, nuclear material handling, military 
operation and urban search and rescue; or in exploratory tasks such as Mars’ exploration.  
These mobile robots must be light to allow easy deployment by human operator and yet 
capable enough to perform many useful functions.  They must also be able to last for 
reasonable operation duration and robust enough to withstand shock, vibration, humidity and 
other elements that are associated with the mission. A robust lightweight robotic vehicle 
platform that has a good balance of the abovementioned conflicting requirements has been 
proposed. It is controlled via wireless communication and modular payloads for specific tasks 
can be developed at a later stage.  
The robotic vehicle platform is self-contained with its own on-board electronics and power 
source. The platform is a dual articulated tracked vehicle with two articulated tracked flippers at 
the front and the rear sides. This platform design provides the robot with good terrain 
manoeuvrability in an urban environment (road, step, ditch, staircase, etc.).  
1.1. OBJECTIVES OF PROJECT 
The objectives of this project are to undertake an exploratory development of a small all-terrain 
robot that has the following key features: - 
Portability – weighs less than 24kg per module so that one or more persons are able 
to carry it; 
Mobility – able to climb staircase and manoeuvre in urban environments; 
Teleoperation – able to be remotely teleoperated via wireless communication with 
live video feedback; 
Endurance – able to carry its own battery and be continuously operated for an hour;  
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The secondary objectives of this project are to develop the followings: - 
Payloads – integration capability that allow easy mounting or removing of the 
modular payloads. 
Wearable computer – able to command the robot via wireless communication up to a 
distance of 300m line-of-sight and allows easy teleoperation.  
1.2. PROJECT SCOPE 
The development of such a robot required a project team of around eight engineers in a span 
of about three years covering various aspects (mechanical, electronics, testing, software, 
communication, systems engineering, etc). Due to the complexity and involvement of such a 
development, the scope of the thesis is limited to the mechanical design of the robot, which 
includes: - 
Locomotion design of the robot; 
Vehicle drive mechanism; 
Vehicle flipper mechanism; 
Motors, planetary gearheads and servoamps packaging; 
Vehicle electronics packaging; 
Powerpack packaging; 
It excludes the followings: - 
Vehicle electronics integration; 
Remote control unit packaging; 
Remote control unit integration; 
Modular payload development; 
Modular payload integration.  
For completeness, the author has included three chapters (Appendix C, D and E) to briefly 
describe the developments on vehicle electronics, mission control console and modular 
payload. 
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2. LITERATURE SURVEY 
With the several objectives of the project in mind, a literature survey lasting three-months was 
carried out mainly via the Internet. Many robots from commercial companies, research 
institutes, universities and government agencies were evaluated, and they were broadly 
categorized based on their locomotion mechanism into four types of robots namely, legged, 
wheeled, tracked and re-configurable robots. Several comparison factors were identified based 
on the objectives of the project listed in Section 1.1. Next, each type of robots was then 
compared against other type using these comparison factors. A comparison table was then 
compiled and used to select the most suitable type of locomotion mechanism.  
2.1. FOUR TYPES OF ROBOTS 
2.1.1. LEGGED ROBOTS 
Figure 2.1: Legged Robots: (a) Titan VIII from Tokyo Institute of Technology [10], (b) 
Parawalker from Tokyo Institute of Tehnology [10], (c) Robot III from Case Western Reserve 
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There are many legged robotics projects that can be found in the internet. There is great 
research interest in the robotics community on two-legged robots (primarily humanoid robots) 
but they are excluded from this survey, as the technology is deemed immature for practical 
applications. Legged robots, such as Titan VIII and Parawalker (See Figure 2.1 (a) and (b)), 
are developed for their ability to move in outdoor environment with obstacles or rubble, while 
others, like Robot III (See Figure 2.1(c)), are developed to study gait patterns of insects or 
animals. Commercially, there are hobby kit robots such as Hexapod III (See Figure 2.1(d)) for 
sale. The technical specifications of the Titan VIII robot from Tokyo Institute of Technology are 
listed in Table 2.1. 
Table 2.1: Technical Specifications of Titan VIII [10] 
Dimension 400mm × 600mm × 250mm 
Numbers of leg 4 
Degree of Freedom 12 (Each leg has 3 D.O.F) 
Weight 19kg (Including motor driver. Not including 
computer and battery) 
Payload 5 to 7kg 
Limitation of walking velocity  0.3m/s (Duty Factor =0.75) 
0.9m/s (Duty Factor =0.5) 
2.1.2. WHEELED ROBOTS 
Figure 2.2: Wheeled Robots: (a) Lynx from AB Poole [4], (b) Hobo from Kentree [2],  
(c) Ratler Rovers Family from NASA [8], and (d) Sojourner from NASA [8].  
(a) (b)
(c) (d)
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Wheeled robots are the most common types of robots available. Their design can be very 
simple to serve as platforms to carry payload, for example, explosive ordnance disposal robots 
like Lynx and Hobo (See Figure 2.2(a) and (b)). Their design can also be very complicated, 
such as Ratler and Sojourner (See Figure 2.2(c) and (d)), to serve as platforms for planetary 
exploration. The later are left out for comparison in the survey due to their complexity and high 
developmental costs. The technical specifications of the Lynx robot from AB Precision are 
listed in Table 2.2. 
Table 2.2: Technical Specifications of Lynx [4] 
Drive 6-Motor independent electric drive 
Speed 0-4km/h, infinitely variable 
Weight 228kg 
Turning Circle Within its own diagonal length 
Maximum Gradient 42 degrees 
Rotation of Turret  +/- 220 degrees 
2.1.3. TRACKED ROBOTS 
Figure 2.3: Tracked Robots: (a) Brat from Kentree [2], (b) Cyclops from AB Poole [4],  
(c) Urbie from iRobot [11], (d) Micro VGTV from Inuktun [5],  




 Mechanical Design of a Small All-Terrain Robot  Page 6   
Master of Engineering Thesis 
There are not many tracked robots in the robotics research community but instead many 
commercial companies developed them for mostly explosive ordnance disposal purposes, for 
example, Brat, Cyclops and Mini-Andros II (See Figure 2.3(a), (b) and (e)). Urbie as shown in 
Figure 2.3(c) is developed for urban reconnaissance and surveillance while Micro-VGTV as 
shown in Figure 2.3(d) is developed for piping inspection as well as urban search and rescue. 
Lurch as shown in Figure 2.3(f) is the research robot developed for terrain exploration. There 
is one common feature among those tracked robots that are able to climb staircase, that is, 
one or two additional pairs of articulated tracks. With one or two additional degree of freedoms, 
these robots are able to overcome more type of obstacles compared to conventional tank-like 
tracked robots. The technical specifications of the Urbie robot from iRobot are listed in  
Table 2.3. 
Table 2.3: Technical Specifications of Urbie [11] 
Dimension 625mm  508mm  290mm 
Weight 18kg (Without sensors) 
Speed 1.6m/s 
Degree of Freedom for Flipper 360
Maximum Gradient 45
2.1.4. RE-CONFIGURABLE ROBOTS 
Figure 2.4: Re-configurable Robots: (a&b) Polybot from PARC [7],  
(c&d) Polypod from PARC [7]  
(a) (b)
(c) (d)
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Polybot and Polypod are reconfigurable robots that are highly versatile, which are made of one 
or two type of repeated modules respectively. They have the ability to reconfigure themselves 
to whatever shape that best suits the current tasks.  
2.2. COMPARISON FACTORS 
Five factors, namely terrain capabilities, payloads, stability, speed and complexity are used 
independently to compare the four types of robots. Though in depth comparison is done using 
technical specification of the robots found in the market survey, a simple comparison matrix as 
shown in Table 2.4 is used to identify the best locomotion mechanism.  
2.2.1. TERRAIN CAPABILITIES 
Terrain capabilities refer to ability of the robot to traverse on various type of terrain such as flat 
ground, grassland and rubble, and to overcome obstacles such as step, ramp, ditch and 
staircase. In comparison, legged robots will have the best abilities followed by re-configurable 
robots; both types of robots are able to traverse on the various types of terrain and overcome 
most of the obstacles. Tracked robots have the ability to traverse in most terrain but unable to 
overcome most obstacles. However, with the addition of one or two pairs of articulated tracks, 
they are able to traverse on most terrain and overcome most obstacles. Wheeled robots only 
have the ability to traverse on flat terrain.  
2.2.2. PAYLOADS 
Payloads refer to the additional weight that can be carried by robot. Both wheeled and tracked 
robots can support high payloads while legged and re-configurable robots can only support low 
payloads. Re-configurable robots can only carry payloads that can be packed inside them.  
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2.2.3. STABILITY 
Stability is the ability of the robot to remain controllable during movement or obstacle 
negotiation and it is usually related to the contact area of the robot to the terrain. Better 
stability means that the robot has lower risk to be overturned or trapped by obstacle, it allows 
more payloads that can be carried by the robot. Tracked robots have excellent stability while 
wheeled robots have good stability due to their large contact area to the terrain. Similarly,  
re-configurable robots have moderate stability while legged robots have poor stability.  
2.2.4. SPEED 
Speed determines how fast the robot can move from place to place and how far the robot can 
move. Wheeled robots have the fastest speed followed by tracked robot while re-configurable 
robots and legged robots had almost comparable speed.  
2.2.5. COMPLEXITY 
Complexity refers to design and engineering efforts required to build such a robot. It also 
determined the approximate cost of such a robot. Re-configurable robots are the most 
complex (due to the need for modularity which leads to redundancy), followed by legged 
robots, tracked robots and lastly wheeled robots.  
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2.3. COMPARISON OF VARIOUS TYPE OF LOCOMOTION 
Table 2.4: Comparison Table using Various Comparison Factors 
Factors \ Type of Robot Wheeled Tracked Legged Reconfigurable 
Terrain capabilities Limited Moderate Good Good 
Stability Good Excellent Poor Moderate 
Speed Excellent Good Moderate Moderate 
Payloads High High Low Low and Limited 
Complexity Low Moderate High Very High 
The comparison between the four types of mobile robots is summarised in Table 2.4. Tracked 
robots had been identified as a better locomotion mechanism in terms of overall performance. 
The wheeled robots were not chosen because of their poor terrain capabilities while the legged 
and re-configurable robots were abandoned due to their small payload size and complexity of 
mechanism.  
Although tracked robot was chosen for the type of locomotion mechanism, it has only 
moderate terrain capabilities. From the literature survey, it is observed that additional pair of 
articulated tracks as shown in Figure 2.5 will enhance the terrain capabilities of the robot. 
Nevertheless, another study on obstacle negotiating strategies (Refer to Section 3) is done to 
confirm that the addition of articulated tracks do help the robot overcome obstacles such as 
ditch, step, log, ramp and staircase. Finally, both the literature survey and the obstacle 
negotiating strategy suggested that an articulated tracked robot should be chosen for the 
exploratory development. 
Figure 2.5: Proposed Illustration of Articulated Tracked Robot 
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3. OBSTACLE NEGOTIATING STRATEGIES 
As mobility is one of the key features of the robot, a preliminary study on the motion planning 
strategies was also conducted for obstacles such as ditch, uneven ditch, step, log, ramp and 
staircase. This is to ensure that the locomotion mechanism chosen in Section 2.3 enable the 
robot to climb stairs and slopes, crawl over obstacles and ditches, make turns in tight spaces 
and raise the entire robot body.  
3.1. PROPOSED ARTICULATED TRACKED ROBOT 
Figure 3.1: Illustration of Robot Retracted (Left) and Fully Extended (Right)  
The proposed robot consists of a pair of main driving tracks, a pair of articulated front tracks 
and a pair of articulated rear tracks as shown in Figure 3.1. There are two motors to drive the 
left and right main tracks, and another two motors to rotate the front and rear articulated 
tracks.  
 Mechanical Design of a Small All-Terrain Robot  Page 11   
Master of Engineering Thesis 
3.2. MOTION PLANNING STRATEGIES 
Whenever the robot approaches an obstacle, it requires information on the size and shape of 
the obstacle.  In manual mode, the operator will have to estimate the size and shape of the 
obstacle from the video image provided by the surveillance and drive camera.  The information 
may not be accurate but little computation and sensory resources are required.  In the 
autonomous mode, additional sensors have to be added onto the robot in order to acquire 
information on the size and shape of the obstacle.  Although accurate information can be 
gathered from the sensors, it requires considerable amount of computational resources.  
When the information on the size and shape of the obstacle is known, the robot could either 
avoid or negotiate the obstacle.  Obstacle avoidance technique is used when there is an 
alternative route beside the obstacle or in cases where the robot cannot negotiate the obstacle 
because of either the size or shape of the obstacle.  Obstacle negotiating strategy is used to 
negotiate obstacle.  This is a unique feature of articulated-tracked robot as compared to other 
wheeled robots.  
3.3. OBSTACLE NEGOTIATING STRATEGIES 
Prior to the development of ONS, the obstacles encountered have to be determined.  Since 
the robot is going to be used in urban terrain, obstacles that are commonly found in the urban 
environment should be chosen.  In this study, six types of obstacles are chosen, they are ditch, 
uneven ditch, step, log, ramp and staircase as shown in Figure 3.2. 
Figure 3.2: Six Types of Obstacles 
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The main concept of ONS is that the configuration of the articulated tracks and the main track 
should follow the shape of the terrain (formed by the obstacles and the ground) as closely as 
possible.  This can prevent drastic motion of the robot because of its weight distribution, as 
well as enable the robot to have maximum traction on the terrain.  Whenever there are 
obstacles in front of the robot that may block its way, the front articulated flipper should always 
be raised to anticipate a possible negotiation of the obstacle.  
Table 3.1: Performance Specification of the Proposed Robot 
Obstacle Clearance Specifications 
Slope Max 45
Staircase Max 45
Step height Max 180mm 
Ditch Width Max 300mm 
A preliminary study on the motion planning strategies for the robot was conducted for 
obstacles such as ditch, uneven ditch, step, log, ramp and staircase. The obstacle negotiating 
capability of a dual articulated track robot was animated for the above-mentioned obstacles.  
In appendix A, Figure A1, A2, A3, A4 and A5 show the “snapshots” of the animation of the 
proposed robot using Obstacle Negotiating Strategies to negotiate uneven ditch (ditch is just a 
special case of uneven ditch), step, log, ramp and staircase respectively.  
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4. SYSTEM DESIGN 
Section 1.1 defined the objectives for the robot where the robotic has to be designed for 
portability, mobility and endurance. Section 2.3 identified the locomotion mechanism for the 
robot as the articulated track mechanism. Lastly Section 3.3 identified the types of obstacles 
the robot have to overcome. All these requirements are interpreted as values in Table 4.1. At 
the beginning of the project, the proposed requirements were based on the preliminary 
mechanical design of the robot after the literature study. After three prototype developments of 
the robot, revised performance requirements were presented.  
Table 4.1: Performance Requirements 
Requirements Proposed Revised 
Chassis Articulated track assembly Articulated track assembly 
Steering Skid steering Skid steering 
Size   
Retracted 565mm  487mm  143mm 586mm  510mm  160mm 
Extended 864mm  487mm  143mm 903mm  510mm  160mm 
“Standing” 565mm  487mm  286mm 586mm  510mm  319mm 
Weight 24kg 28kg 
Payload Weight N.A. Max 8kg 
Power Pack   
Chemistry N.A. Nickel Metal Hydride 
Weight 4kg 4.8kg 
Quantity N.A. 2  32.4V, 4Ah 
2  24V, 4Ah 
Run-time 1 to 2 hours depending on 
terrain 
~45 minutes 
Speed   
Flat Max 0.9m/s Max 0.75m/s 
Slope Max 0.9m/s Max 0.75m/s 
Obstacle Clearance   
Slope Max 45 Max 45
Staircase Max 45 Max 45
Step height Max 180mm Max 180mm 
Ditch Width Max 300mm Max 300mm 
The robot should be designed to overcome obstacles with a height up to 180mm high and yet 
small enough to be man-portable. The definition of man-portable is less than 24kg, or capable 
of being broken into sub-modules to be carried by two or more persons. Typical operational 
scenarios necessitate a runtime of at least one-hour.  
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Due to the need to develop a prototype for use in testing and evaluation, the robot is expected 
to have some level of ruggedness such as shock, vibration and splash proof. This expectation 
is in direct conflict with the man-portable criteria as the ruggedization usually adds weights 
(e.g. shock mount) to the robot. Hence it is a continuous challenge to develop a vehicle that is 
rugged, yet at the same time light enough to be man-portable.  
4.1. SYSTEM CONFIGURATION 
The robot is made up of four main sub-systems, the vehicle platform, the vehicle electronics, 
the mission command console and the various modular payloads.  
4.1.1. VEHICLE PLATFORM 
The vehicle platform consists of three sub-modules: a vehicle chassis and two vehicle track 
modules. The vehicle chassis houses and protects the vehicle electronics, vehicle drive and 
flipper motor systems, while the vehicle track modules house all the pulleys, tracks and the 
vehicle powerpacks.  
4.1.2. VEHICLE ELECTRONICS 
The vehicle electronics is made up of a microprocessor of PC/104 form factor, which 
comprises of a CPU module, a multi-serial communications port module, a motion controller 
module and a PC/104 power management module. In addition, it is integrated with GPS 
receiver, tilt/compass sensor, ultrasonic sensors and video multiplexer. Teleoperation is 
achieved via a wireless data modem and a wireless video transmitter.  
4.1.3. MISSION COMMAND CONSOLE 
The console is made up of a wearable computer (WC) together with a wireless data modem, a 
wireless video receiver, a head mounted display (HMD) and remote control unit (RCU).  
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4.1.4. MODULAR PAYLOADS 
Two modular payloads, a pan-tilt zoom camera and a pan-tilt thermal imager have been 
designed for the robot.  
4.2. VEHICLE PLATFORM 
The scope of this project is only limited to the sub-system, vehicle platform. The vehicle 
platform consists of a vehicle chassis (VC) and two vehicle track modules (VTM). A hardware 











































































Figure 4.1: Vehicle Platform Hardware Configuration Tree  
4.2.1. ARTICULATED TRACKED MECHANISM 
The main feature of the vehicle platform is the articulated tracked mechanism. It is made up of 
two sets of three-segment track system, with one set on each side of the platform as shown in 
Figure 4.2. The main tracks are used for horizontal translation and turnings of the platform 
while the articulated flippers are used to manoeuvre over obstacles. All the main and 
articulated tracks are driven by the vehicle drive motor system while the turnings of both the 
flippers are driven by the vehicle flipper motor system. 
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Figure 4.2: Articulated Track Mechanism  
4.2.2. VEHICLE DRIVE MECHANISM 
In Figure 4.3, there are two such mechanisms within the platform to drive the tracks at the left 
and right sides of the vehicle. On each side of the vehicle, there is a drive motor geared down 
by a planetary gearhead that rotates the drive pulley via a set of spur gears transmission. The 
rotation of the drive pulley will drive the main track and the drive idler at the other end of the 
main track. As two identical flipper pulleys are attached to the drive pulley and drive idler 
respectively, the rotation of the drive pulley and drive idler will rotate these two flipper pulleys 
in the same direction as well. The rotation of the two flipper pulleys will then drive the 
respective articulated tracks and the flipper idlers at the other end of articulated track. Hence 
through this vehicle drive mechanism, each drive motor is able to drive all the three tracks at 
the same side of the vehicle chassis. 
Figure 4.3: Vehicle Drive Mechanism 
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4.2.3. VEHICLE FLIPPER MECHANISM 
In Figure 4.4, there are two such mechanisms within the platform to turn the front and the rear 
flippers. At each end of the vehicle, there is a flipper motor geared down by a planetary 
gearhead that rotates the flipper shaft via a set of spur gears transmission. Thus, when the 
flipper motor rotates, the flipper shaft rotates and the two flipper arms, which are attached to 
the both ends of the flipper shaft, are rotated simultaneously. The torsion-harden flipper shaft, 
which is constrained by two bearings mounted on both sides of the flipper compartment, 
rotates freely through the axes of the two drive pulleys and idlers. In order for effective 
articulation, both the axes of the flipper shaft and the drive pulley/idler must be coaxial. 
Figure 4.4: Vehicle Flipper Mechanism  
4.2.4. COAXIAL ROTATION OF VEHICLE DRIVE AND FLIPPER MECHANISM 
As both the vehicle drive and flipper mechanism shared the same axis of rotation, there is a 
need in the design to prevent dynamic interference. Dynamic interference refers to the 
interference of components of both mechanisms during motion. Hence, the vehicle drive 
mechanism used the outer ring of the axis of rotation for transmission of drive motor power 
while the vehicle flipper mechanism used the inner ring of the axis of rotation for transmission 
of flipper motor power (as shown in Figure 4.5). Two separate pairs of bearings mounted on 
the framework of the flipper compartment were used to maintain the coaxial rotation of both 
mechanisms. 
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Figure 4.5: Coaxial Rotation of Vehicle Drive Mechanism and Vehicle Flipper Mechanism  
4.2.5. MOTOR SIZING 
The sizing of both the drive and flipper motors is the most important design consideration for 
the vehicle platform. It directly affects the performance and the weight of the robot. A more 
powerful motor can allow the robot to overcome obstacle easier, but is heavier and require 
more power, which will eventually result in a heavier powerpack and a heavier robot. The sizes 
of the motors are calculated based on the most stringent conditions: 
Vehicle weight of 36kg; 
Translation up a slope of 45 ; 
Translation up to a maximum of 0.9m/s on flat ground; 
Figure 4.6 and Figure 4.7 show the most stringent condition that dictates the size of the drive 
motor and the ratio of its planetary gearhead is translation up a slope of  at a speed of V m/s. 
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Figure 4.6: Most Stringent Operating (Test and Evaluation) Condition for Drive Motor 
Figure 4.7: Free Body Diagram to Determine Maximum Drive Motor Torque Requirement  
With reference to Figure 4.7, the drive motor needs to generate a traction force F:  
F = R + Mgsin
  
Where R is the frictional resistance, R= Mgcos (Worst case assuming sliding)  
g is the gravitational acceleration taken as 9.81m/s2 
 is the coefficient of friction taken as 0.8 for rubber track  
F = Mg( cos  + sin
Hence the torque developed by the drive motor is thus given by:  
Td = Frd   
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Where rd is the radius of the Drive Pulley 
Therefore,    
Td = Mgrd ( cos  + sin …………………………………………………(1) 
Since the slope angle, is constant, Td will be constant during the motion up the slope. 
The angular speed (in rpm) of the Drive Motor is given by:  
Nd = 30V/(  rd) ………………….…………………………………………………(2) 
Where V is the translation speed. 
Figure 4.8: Most Stringent Operating (Test and Evaluation) Condition for Flipper Motor 
Figure 4.9: Free Body Diagram to Determine Maximum Flipper Motor Torque Requirement  
With reference to Figure 4.9, the flipper motor needs to generate a torque Tf:  
Tf = R(lsin  + rf) + Mg/2.lcos
Where l is the length of the Flipper Arm  
rf is the radius of the Flipper Pulley  
R is the frictional resistance, R= Mg/2 
Hence,  
Tf = Mg/2.[ lsin  + rf) + lcos ] …………….…………………….……………(3) 
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Tf will vary during the ‘standing’ motion and the maximum value of Tf occurs at:  
=  = tan-1( ) 
Hence   
Tf,max = Mg/2.[ lsin  + rf) + lcos ] …………...………….………………(4) 
Hence for the proposed design: 
M = 36kg, g = 9.81m/s2,  = 0.5,  = 45o, V = 0.9m/s,  
rd = 0.062725m, rf = 0.0309m, l = 0.1903m  
Therefore,  
From eqn. (1),  Td = 23.5 Nm (To be shared by two drive motors) 
From eqn. (2),  Nd = 137 rpm 
From eqn. (4),  Tf,max =  40.3 Nm 
Nf is set at 5 rpm due to the high torque required by the flipper.  
For translation on flat ground,  = 0o,  
From eqn (1),  Td,flat = 11.1 Nm (To be shared by two drive motors) 
Table 4.2: Requirement of Motors 
Motor Torque (Nm) Angular speed (rpm) 
Drive Motor 11.8 137 
Flipper Motor 40.3 5 
For the selection of the exact drive and flipper motors, gearheads and servo amplifiers, please 
refer to Appendix B.  
4.2.6. MAN-PORTABILITY DESIGN CONSIDERATION 
Preliminary calculation of weight distribution of the various COTS and fabricated components 
has shown that the total weight of the vehicle platform had exceeded the man-portability limit 
of a single person. Hence design considerations had been catered to break the robot into two 
or more sub-modules to be carry by two or more persons.  
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Two ideas had been designed, fabricated and tested. In Figure 4.10(a), the vehicle platform 
was break into two man-portable modules whereby the vehicle electronics modules (~9kg) 
were separated from the rest of the vehicle platform (~19kg). In Figure 4.10(b), the vehicle 
platform was break into three man-portable modules whereby the vehicle chassis (~16kg) 
were separated from two vehicle track modules (~6 kg each). The latter design was adopted 
mainly because of the more even distribution of the weight among the modules, ease of 
assembly and battery replacement. 
Figure 4.10 Two Man-Portable Modules vs. Three Man-Portable Modules  
4.2.7. VEHICLE TRACK PROFILE 
Another crucial element for the effectiveness of the articulated tracked mechanism is the 
vehicle track profile of both the main and articulated tracks. The main functions of these tracks 
are to provide traction and grip of the robot over terrain or obstacles as well as contribute to 
the ground clearance of the vehicle. The internal profile of the main and articulated tracks is 
commercial-off-the-shelf T10 series single-sided timing belt of width 32mm, made of 
polyurethane and steel tension members as shown in Figure 4.11. The internal profile of the 
tracks affects the track slippage over the pulleys. 
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Figure 4.11: COTS T10 Series Timing Belt  
Three parameters of external customized vehicle track profile affect the terrain gripping 
capabilities of the vehicle and the vehicle ground clearance. Both the width of profile and the 
distance between two adjacent profiles affect the total contact surface area of the vehicle on 
the ground and thus the terrain gripping capabilities of the track. The width of the profile will 
also affects the smoothness of the vehicle movement. Thick profile made the vehicle 
movement more discrete. The length of the main and articulated tracks must be in step-
multiple of the distance between two adjacent profiles. The height of the profile affects the 
vehicle ground clearance. 
Figure 4.12: Customized Vehicle Track Profile  
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4.2.8. SYMMETRY OF ROBOT 
During the design of the robot, symmetry is one of the major design considerations. This is 
because symmetry of the robot means that there are identical parts within the robot. Identical 
parts will cut down the number of unique parts that build up the robot. This will reduce the time 
to purchase, fabricate or customized these parts. During the prototype developments when 
spare parts are few, identical workable parts are used to replace suspected faulty parts in 
order to confirm that the parts are faulty.  
In order to achieve articulated tracked mechanism with minimum number of different parts, 
symmetry within the robot was considered during the placement of the motors. From Figure 
4.13, it was observed that the placement of the two vehicle drive mechanisms and the two 
vehicle flipper mechanisms could achieve rotational symmetry within the robot. 
Figure 4.13: Symmetry of Motor Placement within the Robot  
With the exception of on-board electronics, the robot is designed to have rotational symmetry 
about the centre of the robot as shown in Figure 4.14. Within the vehicle chassis sub-module, 
it is made up of the vehicle electronics module and two identical flipper compartments at the 
front and the rear. The two vehicle track module sub-modules are also identical. Within each 
vehicle track module, the two flipper arms that are attached to the drive pulley and drive idler 
at both ends of the module are identical too. 
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Figure 4.14: Symmetry within the Robot  
4.2.9. VEHICLE RUGGEDIZATION 
Since the robot will be subjected to tests and evaluations in urban terrain overcoming various 
types of obstacles, it is likely to experience shock, vibration, dust, and water during this test 
operation as well as the heat dissipation of the various electronics components within the 
robot. Hence design considerations to minimize the vulnerability of the platform and internal 
components against shock, vibration and other hostile elements have to be factored in during 
the vehicle components packaging design process. Another consideration is connectors 
between the three sub-modules.  
All the on-board electronics are susceptible to vibration and shock. Vibration absorbing pads 
(as shown in Figure 4.15) are used to protect the PC/104 modules, electronics circuit board, 
wireless data modem and wireless video transmitter inside the vehicle electronics module. 
Grommets and Thermagon pads (which absorb vibration and have excellent thermal 
properties) are used to protect the drive and flipper servo amplifiers inside the flipper 
compartments. 
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Figure 4.15: Use of Vibration Absorbing Pads within the Robot  
Beside vibration and shock, the performance of on-board electronics is anticipated to 
deteriorate under high temperature. Hence, heat dissipation is being considered during the 
packaging of the vehicle platform. Heat generating components such as motors, servo 
amplifiers and wireless transmitter are placed as far from the PC/104 modules and electronics 
circuit board, but as near to the cover plates of the robot whenever possible. Thermagon pads 
are used for heat dissipation for these components while protecting them from vibration.  
During tests and evaluations, the electronic components on the vehicle platform are expected 
to generate heat. Hence the heat dissipation for these electronics is very important, especially 
for those housed inside the vehicle electronics module which is fully enclosed. To help 
dissipating the heat generated by the electronics, aluminium, which is lightweight and a good 
heat conductor, is chosen as the material for the housings for dissipating the heat. Hence 
these aluminium housing will be able to help to reduce the risk of the electronics from being 
overheated during the operations.   
Dust and water are two other hostile environment elements that will shorten the life of the robot 
hence there is a need to make the robot dust-proof and limited splash proof (exclude 
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pressurized water jet, prolong exposure under rain, etc.). In order to make the robot dust-proof, 
the robot must not have any opening on all surfaces that will allow dust particles to penetrate. 
Firstly, the design must eliminate unnecessary openings except covered openings, e.g. 
fastener holes. Secondly, the selection criteria of COTS components are modified, for 
example, bearings with seals are used instead of normal bearing and panel-mount connectors 
are used instead of free-plug connectors. In order to make the robot limited splash proof, the 
following design implementations are made. Firstly, fastener seals are implemented for all 
fasteners. Secondly, splash-proof connectors are used for all physical connection. Thirdly, 
rubber strips as shown in Figure 4.16 or O-rings are padded between cover plates as sealant. 
Figure 4.16: Limited Splash-Proof of the Robot  
As the robot is made up of three sub-modules and the vehicle powerpack are located at the 
two vehicle track modules, there are power connections between the powerpacks and the 
vehicle chassis. The pan-tilt-zoom camera on top of the vehicle also required power and signal 
connections. Each of the modular payload also requires power and signal connections. Mil-
spec connectors are used for either power or signal connections, as they are able to withstand 
higher shock and vibration level than the robot as well as providing splash-proof connections. 
There is a need to separate the power lines from the signal lines because the latter tends to be 
corrupted by noise from the former. Panel-mounted Mil-specs connectors were all used on the 
vehicle chassis while free-plug Mil-specs connectors were used on the rest, that is, vehicle 
track module, pan-tilt-zoom camera and modular payloads. 
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5. VEHICLE PROTOTYPE DEVELOPMENTS 
5.1. PRELIMINARY PROTOTYPE (PR1) 
The preliminary prototype was designed and built mainly for the purpose of demonstrating the 
functionality of the articulated track mechanism. It was also used to check whether the drive 
and flipper motors, gearheads and servoamps were correctly sized for the vehicle drive and 
flipper mechanism based on results on testing and evaluation respectively. Another purpose of 
the prototype is to package the various electronics components within the prototype.   
Due to man-portability consideration, the vehicle platform was divided into 2 sub-modules each 
less than 24kg, namely the vehicle chassis and the vehicle electronics module. Figure 5.1 
shows the drawings of the vehicle platform and the vehicle electronics module. The vehicle 
electronics module was designed for ease of assembly/disassembly from the vehicle chassis. 
Hence the load of the vehicle platform can be distributed between two persons. Weight 
optimization is not the primary consideration in the design of this prototype PR1, which now 
weighed about 32kg. 
Figure 5.1: PR1 Vehicle Platform  
The compartments are designed to house the components onboard the vehicle platform. A list 
of these components is shown in Table 5.1. While designing the compartments, considerations 
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Table 5.1: List of Components in the PR1 Vehicle Platform  
Components Unit Weight (kg) Qty Total Weight (kg)
Drive Motor System 1.50 2 3.00 
Flipper Motor System 1.00 2 2.00 
Drive Servoamp 0.27 2 0.54 
Flipper Servoamp 0.27 2 0.54 
Vehicle Chassis Housing 4.40 1 4.40 
COTS shafts, gears, etc 3.60 1 3.60 
Pulleys and Tracks 6.60 1 6.60 
Flipper Arm 0.25 4 1.00 










(1) Sub-Total   22.88 
GPS Receiver 0.10 1 0.10 
Tilt Sensor/Compass 0.05 1 0.05 
Wireless Data Modem 0.07 1 0.07 
Wireless Video Transmitter 0.45 1 0.45 
Electronics Circuit Board 0.65 1 0.65 
PC/104 Stack 0.65 1 0.65 
PC/104 Housing 0.54 1 0.54 
Vehicle Power Module 1.50 2 3.00 
Vehicle Electronics Housing 2.00 1 2.00 
Isolators 0.75 1 0.75 
















(2) Sub-Total   9.26 
(3) Total = (1) + (2)   32.14 
5.1.1. VEHICLE CHASSIS 
The vehicle chassis as shown in Figure 5.2 consists of two flipper compartments at the front 
and the rear of the platform. Each compartment houses a vehicle drive mechanism and a 
vehicle flipper mechanism, which are made up of their respective motors, gearheads, spur 
gears, servoamps and mountings. 
Figure 5.2: PR1 Vehicle Chassis  
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There are two main reasons why the servoamps are placed in the flipper compartment instead 
of placing within the vehicle electronics module. Firstly, the servoamps are expected to 
generate a lot of heat during operation. If they are placed within the vehicle electronics 
module, the chance of other electronics being damaged by the heat generated by the 
servoamps is very high. Hence it is desirable to place the servoamps away from the vehicle 
electronics module as far as possible. Secondly, there will be a lot of wires connecting the 
servoamps with their respective motor systems. By placing them close together would reduce 
the length and the weight of the wires. This also reduces the amount of wires that would be 
exposed to the external environment.  
From Figure 5.3, it can be observed that there are some empty spaces around the drive and 
flipper motor systems. These spaces are some of the possible locations for mounting a pinhole 
camera or ultrasonic sensors. 
Figure 5.3: PR1 Flipper Compartment  
The vehicle chassis consists of the articulated track mechanism, vehicle drive mechanism and 
vehicle flipper mechanism. The chassis design determines the appearance and performance 
of the robot to a large extent. The design of the track profile and the sizing of the drive and 
flipper motors will also be discussed in the following section.  
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5.1.1.1. Articulated Track Mechanism 
The mechanism is made up of two sets of three-segment track system on each side of the 
platform as shown in Figure 5.4. The main track is used for horizontal translation and turning of 
the platform while the articulated tracks are used to manoeuvre over obstacles.   
Figure 5.4: PR1 Articulated Track Mechanism  
5.1.1.2. Vehicle Drive Mechanism 
On each side of the vehicle as shown in Figure 5.5, there is a drive motor geared down by a 
planetary gearhead that rotates the drive pulley via a set of spur gears transmission. The 
rotation of the drive pulley will drive the main track and the drive idler on the other end of main 
track. As two identical flipper pulleys are attached to the drive pulley and drive idler 
respectively, the rotation of the drive pulley and drive idler will rotate these two flipper pulleys 
as well. The rotation of the two flipper pulleys will drive the respective articulated track and the 
flipper idler on the other end of articulated track. Hence through this vehicle drive mechanism, 
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Figure 5.5: PR1 Vehicle Drive Mechanism  
5.1.1.3. Vehicle Flipper Mechanism 
At each end of the vehicle as shown in Figure 5.6, there is a flipper motor geared down by a 
planetary gearhead that rotates the flipper shaft via a set of spur gears transmission. Thus, 
when the flipper motor rotates, the two flipper arms attached to the both ends of the shaft are 
rotated simultaneously. The flipper shaft runs freely on bearings through the centre of the two 
drive pulley/idler near its both ends. The drive pulley and flipper shaft must be coaxial for 
effective articulation. 
Figure 5.6: PR1 Vehicle Flipper Mechanism  
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5.1.2. VEHICLE ELECTRONICS MODULE 
The vehicle electronics module contains most of the electronic components onboard the 
platform excluding the servoamps. These components consist of a stack of PC/104 modules, 
electronics circuit board, vehicle power module, GPS receiver, tilt sensor/compass, wireless 
data modem and wireless video transmitter (see Table 5.1).  
The vehicle electronics module is made up of three portions, namely upper cover, main casing 
and lower cover (see Figure 5.7). The data modem, video transmitter, tilt sensor/compass, and 
GPS receiver are mounted on the upper cover, while the vehicle powerpacks are mounted on 
the lower cover. Mounted on the main casing is the housing for the stack of PC/104 modules 
and the electronics circuit board. The advantage of this design is that it provides an easy 
access to each of the components. Thus replacement of the components can be done without 
much difficulty. 
Figure 5.7: PR1 Vehicle Electronics Module  
The data modem and the video transmitter are mounted on the upper cover because their 
antennas have to be exposed in order to provide good communication signals. Unfortunately, 
these signals from the data modem and the video transmitter interfere with each other. Thus, 
to reduce the interference, they are being placed as far apart from each other as possible.  
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Located at the lower cover is the vehicle powerpack. As the vehicle powerpack is the heaviest 
component in the vehicle electronics module, its position will affect the balance of the vehicle 
platform. Thus, to keep the centre of gravity of the vehicle electronics module close to the body 
axis, the vehicle powerpack is divided into two separate power packs, which are being placed 
on the opposite sides of the lower cover. 
Figure 5.8: PR1 Vehicle Powerpack: 12V, 3.2Ah Lead Acid Battery  
The vehicle powerpack is made up of two sets of rechargeable lead acid battery with a rating 
of 12V, 3.2Ah as shown in Figure 5.8.  They are series together to give a combine rating of 
24V, 3.2Ah.  This powerpack is the only power source used to power the motor systems and 
the vehicle electronics as shown in Figure 5.9.  An in-house endurance test is conducted with 
the prototype, PR1.  The details of the prototype configuration are shown next. 
Figure 5.9: Schematic of PR1 Power Distribution Configuration  
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Table 5.2: Technical Specifications of PR1 Powerpack 
Test Unit: PR1 (Gold) 
  Drive motor EC45 
  Drive Servoamp Copleys 505 
  Flipper motor RE36 
  Flipper Servoamp Copleys 405 
  Platform Weight 31.14kg 
  Speed 0.585m/s 
Individual Battery Technical Specification 
  Battery Chemistry Rechargeable Lead Acid 
  Battery Rating 12V, 3.2Ah 
  Weight per unit  1.206kg  
  Volume per unit 134mm 66.5mm 95.5mm = 0.851 106 mm3 
  Quantity used 02 
Power Distribution Configuration 
  Packaging: 2 units of the batteries are series together 
  Combine rating of powerpack 24V, 3.2Ah 
  Weight of powerpack 1.206kg 2 = 2.412kg 
  Volume of powerpack 0.851 106mm3 2 = 1.702 106mm3 
Components Drive Motors, Drive Servoamps, Flipper Motors, Flipper 
Servoamps, PC/104 modules (PC/104 CPU Module, PC/104 
Multi-Serial Communications Port Module, PC/104 Motion 
Controller Module, PC/104 DC/DC Power Supply Module), 
Wireless Data Modem (Hummingbird) and Wireless Video 
Transmitter (Dellstar). 
Results The endurance of the powerpack is 25 min 9 sec. 
5.1.3. MOBILITY TESTING AND EVALUATION 
After the first prototype development of vehicle platform (PR1), PR1 had undergone several 
tests to test and check the performance limits of its mobility. Generally, it was observed that 
PR1 was able to traverse at a maximum speed of 0.8m/s but was unable to lift itself up in 
‘standing’ position. PR1 was able to overcome 300mm ditch easily, overcome 180mm 
sometimes but was unable to climb staircase.  
A summary of the problems/observations that surfaced were: 
As shown in Figure 5.10, the ground clearance of PR1 was insufficient and the 
protruding base plate (at certain flipper orientation) hindered the obstacle negotiating 
capability of PR1 as the protruded portion trapped PR1 during the climbing of the 
staircase. 
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Figure 5.10: Ground Clearance of PR1  
Torque transmissions of the flipper motors with two planetary gearheads were not 
smooth and the flipper motor with two planetary gearheads combination was unable 
to supply enough torque to lift the robot up. 
The COTS vehicle track profile as shown in Figure 5.11 was unable to provide any 
grip to PR1 during the climbing of the staircase because the belt profile is too shallow 
and too close apart for it to "hold" on to the edge of the staircase. 
Figure 5.11: COTS Timing Belt Profile  
The bearings used for the drive pulleys were unable to constrain the drive pulleys to 
the axis of rotation effectively. 
The nylon spur gears used for torque transmissions of both the vehicle drive and 
flipper mechanism were unable to withstand the torque encountered, which resulted 
in the wearing of the teeth of the spur gears. This had caused failure of torque 
transmissions for the vehicle drive mechanism. 
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There were noticeable gear backlashes in both flippers, which were caused by the 
transmitting spur gears. 
The flipper arms were difficult to align and easily loosen. 
The setscrews were easily loosened. 
It is very troublesome to replace the powerpacks, as they are located at the lower 
cover of the PR1 VEM.  
5.2. SECOND PROTOTYPE (PR2) 
With the problems/observations of PR1 in mind and additional design optimisation for weight, 
space, portability, electronic packaging and limited ruggedization, the revised design will be 
known as PR2 as shown in Figure 5.12. In this phase, the external physical and electrical 
interface to the pan-tilt unit, camera and modular payloads had not been considered.   
5.2.1. MAJOR DESIGN REVISIONS OF PR2 FROM PR1 
Based on the experiences gained from PR1, several major design revisions together with other 
minor changes were incorporated into PR1 to roll out PR2. 
Figure 5.12: PR2 Vehicle Platform  
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As PR1 weighed about 32kg, which exceeded the design goal of 27kg, weight optimisation 
was the main focus for PR2. However as the vehicle flipper mechanism did not worked for PR1 
due to insufficient torque provided by the vehicle flipper motor and gearhead combination, 
another focus was to replace the motor and gearhead combination for the mechanism.  
Table 5.3: Weight Breakdown of PR1  
Components Description Weight (kg)
Essential COTS components Servoamps, Motors and Gearheads 6.28 
Others COTS components Shafts, Gears, etc. 3.60 
Pulleys and Tracks Drive pulley, Flipper pulley, Flipper 
idler, Main track and Articulated track
6.60 
Fabricated components Housing, Mounting, Flipper arm, etc. 5.40 










(1) Sub-Total  22.88 
Essential COTS components GPS receiver, Tilt sensor/compass, 
Wireless data modem, Wireless 
video transmitter, Electronics circuit 
board, PC/104 stacks, etc. 
3.26 
Powerpacks Lead-acid batteries 3.00 
Fabricated components Housing, Mounting, etc. 2.00 

















(2) Sub-Total  9.26 
(3) Total = (1) + (2)  32.14 
It was observed that the COTS components such as PC/104 stack, motors, gearheads, 
servoamps made up 9.88 kg of the robot (as shown in Table 5.3). As most of them were 
essential components of the robot, it was unlikely to reduce weight of the robot by not using 
some of them. Instead, lighter alternatives for these components were sourced. Beside the 
COTS components, the other components were the housings for the various compartments, 
flipper arms, the pulleys and tracks of the robot. Considerable savings can be achieved by 
optimising the designs of the fabricated components and the various pulleys.  
PR2 was broken into three sub-modules instead of two sub-modules in PR1. The vehicle 
electronics module became an integral part of the vehicle chassis and was no longer a 
removable sub-module. Instead, the vehicle platform was broken along the two main tracks 
into a new vehicle chassis and two vehicle track modules. The vehicle electronics module 
together with the two flipper compartments formed the new vehicle chassis, while the left and 
right side of the tracks and pulleys together with the vehicle powerpacks removed from the 
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PR1 vehicle electronics module formed the two vehicle track modules. The new placement 
locations of vehicle powerpacks allowed easy replacement of powerpacks and provide 
additional support for traction. Due to this change, the external connectors were reduced from 
4 to 2. The main motivation for the major design revision is the man-portability consideration 
for the robot caused by the uneven weight distribution of PR1 vehicle chassis (22.88kg) and 
vehicle electronics (9.26kg). The new change will allow a more even weight distribution of PR1 
vehicle chassis (16.92kg) and two vehicle track modules (6.00kg, two VTMs is 12.00kg) as 
shown in Table 5.4.  
Table 5.4: List of Components in the PR2 Vehicle Platform  
Components Unit Weight (kg) Qty Total Weight (kg)
Drive Motor System 1.80 2 3.60 
Flipper Motor System 1.00 2 2.00 
Drive Servoamp 0.27 2 0.54 
Flipper Servoamp 0.27 2 0.54 
COTS shafts, gears, bearings, etc. 0.97 2 1.94 











Sub-Total   11.74 
GPS Receiver 0.10 1 0.10 
Tilt Sensor/Compass 0.05 1 0.05 
Wireless Data Modem 0.07 1 0.07 
Wireless Video Transmitter 0.45 1 0.45 
Electronics Circuit Board 0.65 1 0.65 
PC/104 Stack 0.65 1 0.65 
Isolators 0.75 1 0.75 















Sub-Total   4.68 











(1) Sub-Total   16.92 
Pulleys and Tracks 2.12 1 2.12 
COTS gears, bearings, etc 0.91 1 0.91 
Flipper Arm 0.12 2 0.24 
Fabricated Components 0.84 1 0.84 
Vehicle Powerpack 1.45 1 1.45 













(2) Sub-Total   6.00 
(3) Total = (1) + 2  (2)   28.92 
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5.2.2. VEHICLE CHASSIS 
The new vehicle chassis design is still made up of two flipper compartments at the front and 
the rear of the platform but all the pulleys and tracks are moved to the two vehicle track 
modules. The vehicle electronics module has become an integral part of the vehicle chassis 
with the vehicle powerpack removed from the module to vehicle track module and almost all 
the electronics within are repackaged. 
In order to reduce the weight of the housing for the vehicle chassis, a new framework design is 
adopted for PR2 as shown in Figure 5.13. Framework struts together with complicated side 
plates for the flipper compartments are used for the new vehicle chassis design. 
Figure 5.13: Framework structure of PR2 Vehicle Chassis  
All the mountings of the motors and gearheads are mounted to either the side plates or the 
frame struts, which will in turn withstand all the forces that act on the vehicle chassis. Since the 
cover plates will not experience any significant force, thin cover plates were used to cover up 
the entire housings.  
 Mechanical Design of a Small All-Terrain Robot  Page 41   
Master of Engineering Thesis 
5.2.2.1. Vehicle Drive Mechanism 
In PR1, all the components of the mechanism were fixed to the vehicle chassis as shown in 
Figure 5.5. In PR2, these components are separated packaged within the new vehicle chassis 
and the vehicle track module as shown in Figure 5.14. The drive motors, gearheads, encoders 
and servoamps are housed inside the flipper compartment of the new vehicle chassis, while 
the drive pulleys, bearings and tracks are attached to a vehicle track module holder. The 
separation of the vehicle drive mechanism is made possible by the use of spur gears since 
PR1; the spur gears from the drive pulleys can be easily assembled or disassembled from the 
drive motors through the use of guides and bearings. 
Figure 5.14: PR2 Vehicle Drive Mechanism  
5.2.2.2. Vehicle Flipper Mechanism 
As the motor and gearhead combination used for the mechanism in PR1 did not provided 
sufficient torque for the flippers to lift the robot up, a new motor and gearhead combination with 
the same torque and speed output is used for the mechanism. This time the new combination 
worked and a possible reason for the failure was that the stepping up of torque produced by 
the PR1 flipper motor by two planetary gearheads was very inefficient. A brake is also added 
to the new motor to allow the robot to stay at its last controlled position even after the power is 
cut off. 
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Figure 5.15: PR2 Vehicle Flipper Mechanism  
The placement of the flipper motor is shifted from the side of the flipper shaft (See Figure 5.6) 
to top of the flipper shaft as shown in Figure 5.15. This is mainly because the original 
placement in PR1 had resulted in a protruding vehicle chassis in front of the drive pulleys, 
which caused PR1 to be trapped by the edge of staircase during the climbing of staircase as 
shown in Figure 5.16. 
Figure 5.16: Placement of Flipper Motor of PR1 vs. PR2  
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In PR1, the left and right flipper arms were always misaligned due to the loosening of the 
fasteners that tighten the arms to the flipper shafts. Hence a 1mm chamfering is made on two 
ends of the flipper shafts to create a catch for both the left and right flipper arms to be always 
aligned regardless of the fasteners as shown in Figure 5.17. As all the pulleys and tracks had 
been shifted from the PR1 vehicle chassis to the new PR2 vehicle track module, all the 
fasteners on the flipper shafts, except at the both ends of the shafts, are removed to facilitate 
the 3 sub-modules design of PR2. 
Figure 5.17: PR2 Flipper Arms Alignment in Flipper Shaft  
5.2.2.3. Flipper Compartment 
The new flipper compartment has a completely different design as that of PR1. In PR1 flipper 
compartment, both the drive and flipper motors, the drive pulley hubs and servoamps were 
mounted with reference to the base plate. Hence the base plate of the robot was the structure 
that bears all the forces acting on the robot, as a result, the PR1 base plate alone accounts for 
around 2kg of weight.  
In the PR2 flipper compartment, two side plates will bear most of the forces acting on the 
robot, together with four frame struts, they formed the framework structure of the new flipper 
compartment as shown in Figure 5.18. The drive and flipper gearheads are mounted onto 
either of the side plates instead of the base plate, and a new integrated motor mounting for 
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both the drive and flipper motors is used to secure both the motors. Both the drive and flipper 
servoamps are mounted onto the back plate of the flipper compartment. Thin cover and corner 
plates are used to cover up the flipper compartments. 
Figure 5.18: Framework structure of PR2 Flipper Compartment  
The new shape of the flipper compartment has considered the new placement of both the drive 
and flipper motors to be packed more efficiently. It also keeps the profile of the compartment 
within the drive pulleys so that it will not interfere in the obstacle negotiating ability of the robot 
as shown in Figure 5.19. Due to this new shape, PR2 loses the ability to be invertable (a useful 
but not compulsory feature of the robot) since the top portion of the robot is not within the track 
coverage. 
Figure 5.19: Track Coverage of PR2 
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Two additional bearings are added to better constrain the flipper shafts and aid the torque 
transmission of the flipper motors. The nylon spur gears used in PR1 are replaced by steel 
spur ones as nylon gears were worn out easily. The electrical connections between the two 
flipper compartments and vehicle electronics in PR1 were removed as they are now integrated 
physically in PR2.  
5.2.2.4. Vehicle Electronics Module 
The new vehicle electronics module, as shown in Figure 5.20, also had a completely different 
design as that of PR1. A new rack that can accommodate 11 stacks of PC/104 cards is used 
instead of the two racks that can accommodate 5 stacks of PC/104 cards each. All the PC/104 
cards are mounted vertically instead of horizontally as in PR1. The main design consideration 
in this change is because the compass/tilt sensor unit needs to be mounted in the centre of the 
robot in order to give an accurate reading of the heading and tilting angle of the robot. By 
placing four PC/104 cards and four PC/104 form factor electronics circuit board at both ends of 
the rack, the compass/tilt sensor unit is placed in the centre of the robot by using customised 
mounting on the PC/104 rack.  
The wireless video transmitter and wireless data modem are shifted to either side of the 
PC/104 housing. The vehicle powerpacks are shifted out of the module to the vehicle track 
modules. As a result of this change, two external 2-pin connectors are used to connect to the 
powerpacks from the two vehicle track modules for the robot. 
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Figure 5.20: PR2 Vehicle Electronics Module  
5.2.3. VEHICLE TRACK MODULE (VTM) 
The design of vehicle track module (VTM) made use of a VTM holder that has four functions 
as shown in Figure 5.21. It holds all the various components as a single module. It allows 
quick assembly or disassembly with the vehicle chassis. It constrains both the drive pulley and 
idlers at a fixed distance. It allows the vehicle powerpack housing to be attached to it. 
Figure 5.21: PR2 Vehicle Track Module  
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As the main track in PR1 always has some slack, a tensioner roller is added to tension the 
main track. Hence PR2 is slightly shorter (by 2cm) than PR1. The vehicle powerpack is shifted 
from the vehicle electronics module due to three design considerations. In PR1, it is very 
difficult to replace the powerpacks as they are located at the lower cover of the vehicle 
electronics module, the change allows easy replacement of the powerpacks. The housing of 
the powerpacks serves as traction support for the main tracks. The shift also causes a more 
even weight distribution among the three sub-modules. The original powerpack configuration 
of one pack of 24V, 3.2Ah is changed to two packs of 24V, 2Ah (using two 12V, 2Ah batteries 
as shown in Figure 5.22) in order to be distributed equally among the two vehicle track 
modules. 
Figure 5.22: PR2 Vehicle Powerpack Module  
From the endurance test carried out on PR1, it was observed that the capacity of the previous 
powerpack could only support approximately half an hour of operation.  Several endurance 
tests were performed on PR2 platform with lead acid batteries of different ratings.  These tests 
provided an estimated capacity of powerpack that would be required in order to provide an 
endurance of one hour.  Meanwhile, efforts were also spent to study the performance of the 
nickel metal hydride (NiMH) batteries.   
Besides the powerpack, the flipper motor used is also different.  Instead of RE36 motors, 
RE40 motors with brakes integrated are used.  Except for these changes, the power 
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distribution configuration of PR2 remains unchanged (see Figure 5.23).  Like PR1, PR2 also 
underwent an endurance test.  The details of the test are shown below. 
Figure 5.23: Schematic of PR2 Power Distribution Configuration  
Table 5.5: Technical Specifications of PR2 Powerpack 
Test Unit: PR2 (Black) 
  Drive motor EC45 
  Drive Servoamp Copleys 505 
  Flipper motor RE40 with brake 
  Flipper Servoamp Copleys 405 
  Platform Weight 27.96kg 
  Speed 0.585m/s 
Individual Battery Technical Specification 
  Battery Chemistry Rechargeable Lead Acid 
  Battery Rating 12V, 3.2Ah 
  Weight per unit  0.7kg  
  Volume per unit 150mm 89mm 20mm = 0.267 106 mm3 
  Quantity used 04 
Powerpack Distribution Configuration 
  Packaging: 2 units of the batteries are series together to form 24V, 2Ah. 
Then 2 sets of the series batteries are parallel to give 24V, 
4AH 
  Combine rating 24V, 4Ah 
  Weight 0.7kg 4 = 2.8kg 
  Volume 0.267 106mm3 4 = 1.068 106mm3 
Components Drive Motors, Drive Servoamps, Flipper Motors, Flipper 
Servoamps, PC/104 modules (PC/104 CPU Module, PC/104 
Multi-Serial communications Port Module, PC/104 Motion 
Controller Module), Wireless Data Modem (Hummingbird), 
Wireless Video Transmitter (Dellstar) 
Results The endurance of the powerpack is 27 min 8 sec. From the 
results, it is observed that the 0.4kg increase in the weight 
only resulted in a marginal improvement in the endurance.  
The only advantage of this powerpack is that it is compact and 
can be easily package into the vehicle track module. 
 Mechanical Design of a Small All-Terrain Robot  Page 49   
Master of Engineering Thesis 
In PR1, COTS double-sided timing belts were purchased and used as both the main and 
articulated tracks. It is observed that these COTS tracks did not provide the necessary ‘grips’ 
for the robot to climb up staircase. The design of the vehicle track profile considers three 
variables, namely, the width and height of the profile and the distance between two adjacent 
profiles. The customised track profile needs to fulfil two conflicting requirements, to maintain 
sufficient traction during traversing on flat terrain and to ‘grip’ to the edge of staircase during 
stair climbing. The former requires a larger width, a smaller height and shorter distance 
between two profiles so that there is a larger traction area, while the latter requires a smaller 
width and a larger height so that it forms a better ‘hook’ to grip the edge of the staircase. The 
distance (60mm is chosen) between two adjacent profiles constrains the belt lengths of both 
the main and articulated tracks (1320mm and 660mm respectively) to be exact multiples of the 
distance. In order to study what type of track profile is more suitable for the robot in terms of 
traction and stair climbing ability, two designs of vehicle track profiles shown in Figure 5.24 are 
chosen and purchased. 
Figure 5.24: PR2 Vehicle Track Profiles (a) Thick, (b) Thin  
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5.2.4. MOBILITY TESTING, TRIAL AND EVALUATION 
After the second prototype development of vehicle platform (PR2), PR2 had undergone 
several tests to test and check the performance limits of its mobility. Generally, it was observed 
that PR2 was able to traverse at a maximum speed of 0.6m/s, lift itself up in ‘standing’ position 
and even traverse in ‘standing’ position. PR2 was able to overcome 180mm step, 300mm ditch 
and 30 slope easily. It was able to climb up staircasen (180mm high) and 45 slope (provided 
that the robot has enough traction on the 45  slope).   
An outdoor trial was also conducted to test the outdoor mobility of PR2 in urban environment. 
Generally, it was observed that PR2 was able to execute most of mobility requirements in the 
urban environment. One observation was that both the main and articulated tracks tended to 
trap dirt and grass during the transversal of robot across grassland and vegetation. After some 
time, the accumulated dirt or grass would cause the drive pulleys to stall. The second 
observation was that the tracks tended to derail as the diameter of the flanges on the pulleys 
to hold the track were too small. The third observation was that the main tracks exhibited 
insufficient traction in some of the occasion during the grassland transversal.  
The results from the testing and trial had confirmed that the mechanical design of the vehicle 
platform is functional, that is, both the vehicle drive and flipper mechanisms had been 
successfully implemented. However, the outdoor trial had shown that the design of the track 
system has to be improved for grassland movement.  
After the second prototype development of vehicle platform (PR2), a few problems surfaced 
during the testing and trial of the development cycles. A summary of the problems and 
observations that surfaced were: 
The additional rollers to tension the main tracks did not enhance the traction of the 
robot significantly. 
The quality control of COTS frame strut purchased was very poor. This resulted in 
numerous re-machining of the various frame struts. 
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With the addition of bearings inside the flipper compartment to further constrain the 
flipper shafts, the original bearings on the drive pulleys/idlers that constrained the 
flipper shafts became redundant and in fact hindered the rotation of the flipper shafts. 
This observation concluded that the bearings in the drive pulleys/idlers (since PR1) 
did not properly constrained the flipper shafts and thus resulted in poor torque 
transmission of flipper motors in PR1. 
The two powerpacks of a total of 4Ah were insufficient for 1 hr of continuous 
operation. 
The wires harness within the vehicle electronics module was very messy due to 
insufficient space within the module. This resulted in a few occasions where some of 
the circuitry was accidentally shorted, while several wires were broken due to twisting 
and jamming. 
Dirt and grass tended to enter through the openings in the main and articulated 
tracks. As a result, these dirt and grass started to accumulate in all the pulleys and 
finally caused the vehicle drive system to stall. 
Both the main and articulated track tended to derail during grassland transversal, as 
the flange diameters on the pulleys to hold the track were too small. 
The main tracks exhibited insufficient traction in some of the occasion during the 
grassland transversal.  
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5.3. THIRD PROTOTYPE (PR3) 
As compared to PR2 vs. PR1, the design changes in PR3 vs. PR2 are fewer and more minor. 
In the new prototype PR3 as shown in Figure 5.25, due to the availability of the outdoor trial 
site, considerations had been made for the observed problems in PR2, design optimisation, 
ease of assembly as well as the electrical interface to the pan-tilt unit, camera and the 
manipulator. As the design modification was completed even before the trial site was available, 
PR3 was sent for fabrication, thus the observations made in the trial were unable to 
incorporate into the design of PR3. The next phase of the prototype development will be 
targeted on the observations made in the outdoor trial as well as the splash-proofing, weight 
and space optimisation.  
5.3.1. DESIGN I MPROVEMENTS OF PR3 OVER PR2 
Since the additional rollers in PR2 did not help enhance the traction of the rollers, they are 
removed in PR3. As the quality control of COTS frame strut purchased was very poor, the 
framework structure of vehicle chassis is redesigned. Solid fabricated frame struts are used 
instead of the hollow COTS frame strut, the two flipper compartment side plates are 
redesigned to house the new frame struts. All the modifications are done with no additional 
weight penalty. The bearings on the drive pulleys/idlers, which served to constrain the flipper 
shafts, are removed since they are redundant. The mechanical and electrical interface for a 
manipulator and a pan-tilt-zoom camera had been catered. 
 Mechanical Design of a Small All-Terrain Robot  Page 53   
Master of Engineering Thesis 
Figure 5.25: PR3 Vehicle Platform  
The vehicle powerpack module for the PR3 is very different from those in the earlier 
prototypes. First, Nickel Metal Hydride (NiMH) batteries are used instead of lead acid batteries.  
Second, there are two separate power sources instead of one.  Third, one of the powerpacks 
has a voltage of 32.4V instead of 24V.  
NiMH powerpack as shown in Figure 5.26 is selected for this prototype as it has several 
advantages over the lead acid powerpack. First, the weight and size of the NiMH powerpack 
are lighter and smaller than that of lead acid powerpack of the same capacity. Second, there is 
more flexibility in the packaging of the powerpacks because the NiMH batteries come in the 
form of cells instead of a block like the lead acid batteries. Third, there is more flexibility in the 
voltage as NiMH batteries come in step voltage of 1.2V while lead acid batteries come in step 
voltage of 6V. 
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Figure 5.26: PR3 Nickel Metal Hydride Powerpack, 24V, 4Ah  
In the earlier prototypes, all the motor systems and vehicle electronics are being powered by a 
single power source.  As a result, the powerpack is subjected to a very high current drainage, 
which leads to a short endurance of the powerpack.  This problem can be overcome by 
separating the power source as shown in Figure 5.27. Tests are conducted to determine the 
current consumption of each electrical component.  From the data, it is observed that the drive 
motor systems consume a lot of power.  In PR3, the drive motor systems draw their power 
from one powerpack, while the flipper motor systems and the vehicle electronics draw their 
power from another one.  In this way, the endurance of the powerpacks is expected to improve 
since the current drainage experienced by each powerpack is lower.  
In the earlier versions of the prototype, maximum speed achievable by the Vehicle Platform is 
0.585m/s, which is below requirements of the platform.  Some efforts are put in to explore the 
various techniques that could increase the maximum speed to the 0.9m/s are as follows: - 
Increase the diameter of the drive pulley. 
Lower the gear ratio of the drive motor systems. 
Increase the voltage supplied to the drive motor.  
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The first two options are undesirable because they will reduce the output torque produced by 
the drive motors, which is critical when the PR3 is climbing the staircase or going up the 
slopes.  Whereas in the last option, the mechanical change required is minimal compared to 
the first two.  The only penalty for this option is the increase in weight as more battery cells 
and larger housings are required.  Thus from the calculations, a 32.4V powerpack would 
enable the platform to reach 0.9m/s, which has been verified in the endurance test carried out 
on PR3.  
The endurance test performed on PR3 is slightly different from the tests carried out on the 
pervious prototypes.  Firstly, the drive servoamps used are different.  Secondly, a simulated 
payload of 5.88kg is added to the platform to gives the platform a total weight of 35.88kg.  
(Note: the weight of PR3 is 30kg).  The purpose of adding a simulated payload of this weight is 
because the targeted weight of PR4A (inclusive of the payload) is 36kg.  In addition, the 
maximum speed of the platform has been raised from 0.585m/s to 0.9m/s.  The details of the 
prototype are given below. 
Figure 5.27: Schematic of PR3 Power Distribution Configuration  
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Table 5.6: Technical Specifications of PR3 Powerpack 
Test Unit: PR3 (Blue) 
  Drive motor EC45 
  Drive Servoamp Copleys 513 
  Flipper motor RE40 with brake 
  Flipper Servoamp Copleys 405 
  Platform Weight 30.0kg 
  Payload Weight 5.88kg 
  Speed 0.9m/s 
Individual Battery Technical Specification 
  Battery Chemistry Rechargeable Nickel Metal Hydride 
  Battery Rating 1.2V, 3.7Ah 
  Weight per unit  0.053kg  
  Volume per unit 17mm 67mm = 0.015 106 mm3 
  Quantity used 114 
Powerpack Distribution Configuration 
Powerpack 1  
  Packaging: 20 cells of the batteries are series together 
  Combine rating 24V, 4Ah 
  Weight 0.053 20 = 1.06kg 
  Volume 172mm 68mm 35mm = 0.409 106mm3 
Components Flipper Motors, Flipper Servoamps, PC/104 modules (PC/104 
CPU Module, PC/104 Multi-Serial communications Port 
Module, PC/104 Motion Controller Module), Wireless Data 
Modem (Hummingbird), Wireless Video Transmitter (Dellstar) 
Powerpack 2  
  Packaging: 27 cells of the batteries are series together to form 32.4V, 
4Ah.  Then 2 sets of 32.4V, 4Ah pack are parallel to form 
32.4V, 8Ah 
  Combine rating 32.4V, 8Ah 
  Weight 0.053 27 2 = 2.862kg 
  Volume (172mm 68mm 35mm + 121mm 68mm 13mm) 2  
= 1.033 106mm3 
Components Drive Motors, Drive Servoamps 
Total weight 3.96 kg 
Total volume 1.442 106mm3 
Results The endurance of the powerpacks is 89 min 19 sec.  
Though the powerpacks of the PR3 is 1.16kg heavier than the 
powerpack of PR2, the endurance of the powerpack is 
improved by almost 3 times.  Besides, there is only a marginal 
increase in the volume of the powerpack.  This shows that the 
NiMH powerpacks with the new power distribution 
configuration are better than lead acid powerpack with the old 
power distribution configuration. 
Two additional passageways are catered on both sides of PC/104 racks inside the vehicle 
electronics module. The main purpose of the passageway is to create a delicate space for the 
wire harnessing within the robot. 
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Figure 5.28: PR3 Vehicle Electronics Module  
When the robot was disassembled into its 3 sub-modules, it was observed that it was very 
difficult to carry the two vehicle track modules. This was because the drive pulleys and idlers of 
the VTMs were swinging since they are not constrained by the flipper shafts after 
disassembled with the vehicle chassis. The design of the flipper arm is also modified slightly to 
add a catch hole, whereby an additional holder together with two quick release buttons can be 
used to constrain this swinging movement as shown in Figure 5.29. 
Figure 5.29: PR3 Vehicle Track Module  
5.3.2. MOBILITY TESTING, TRIAL AND EVALUATION 
So far, PR3 is the first prototype that almost met all performance requirements stated in Table 
5.7.  
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Table 5.7: Performance Specifications of PR3 
Requirements Design Specifications PR3 Specifications 
Chassis Articulated track assembly Articulated track assembly 
Steering Skid steering Skid steering 
Size   
Retracted 565mm  487mm  143mm 590mm  490mm  150mm 
Extended 864mm  487mm  143mm 875mm  490mm  150mm 
“Standing” 565mm  487mm  286mm 590mm  490mm  275mm 
Weight 27kg 27.5kg 
Power Pack   
Weight 4 kg 3 kg 
Run-time 1 to 2 hours depending on 
terrain 
 1 hour 
Speed   
Flat Max 0.9 m/s Max 0.9 m/s 
Slope Max 0.9 m/s Max 0.9 m/s 
Staircase N.A. Nominal 0.2m/s 
Obstacle Clearance   
Slope Max 45 Max 45  (Terrain dependable)
Staircase Max 45 Max 45
Step height Max 180mm Max 180mm 
Ditch Width Max 300mm Max 300mm 
The results from the lab testing had confirmed that the mechanical design of the vehicle 
platform has almost fulfilled the preliminary design goal set for the robot. Having achieved 
most of the objectives in the preliminary design goal of the vehicle platform, the next phase is 
to test the maximum payload that can be carried by the robot and yet able to negotiate the 
various obstacles stated in Table 5.7.  
Additional weights in terms of powerpacks were added progressively to PR3 vehicle platform. 
It was observed that when the total weight of the robot reached 33.0kg, it began to show 
difficulty to climb staircase. A similar test was conducted for PR3 in flat ground, it was 
observed that PR3 had no problem traversing even when the total weight of the robot exceed 
45kg.   
As the third prototype development of vehicle platform (PR3) was done before the outdoor trial 
for the second prototype (PR2), some of the observations of PR2 in the outdoor trial still 
remained in PR3. Generally the few problems surfaced during the testing and trial of the 
development cycles.  
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A summary of the problems/observations that surfaced were: 
The robot was only able to carry a total weight of 33kg up staircase, that is, the robot 
had insufficient payload capabilities. It only has a payload weight of 6kg. 
The drive servoamps (Copleys 505) were unable to supply the instantaneous peak 
current of up to 12A during the stair climbing process. 
The powerpack of voltage of 24V was insufficient for the robot to reach a maximum 
speed of 0.9m/s and yet carry more than a total weight of 33kg. 
The additional passageway in the VEM did manage to provide space for the internal 
wire harnessing but did not manage to solve the messiness of the harnessing. 
The flipper gearhead mount (with three support stands) was not strong enough to 
hold the flipper motor and gearhead in place. 
The customised vehicle track profile was not optimised for stair climbing. 
Dirt and grass tended to enter through the openings in the main and articulated 
tracks. As a result, these dirt and grass started to accumulate in all the pulleys and 
finally caused the vehicle drive system to stall. 
Both the main and articulated track tended to derail during grassland transversal as 
the flange diameters on the pulleys to hold the track were too small. 
The main tracks exhibited insufficient traction in some of the occasion during the 
grassland transversal.  
5.4. FOURTH PROTOTYPE (PR4) 
The fourth prototype (PR4) had considered most of the problems observed in the previous 
prototypes. At the same time, design optimisation for space and weight, ease of assembly and 
limited splash proofing had been catered in this development. Another new design 
consideration is the possibility of variants of the robot as shown in Figure 5.30. 
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Figure 5.30: PR4A and PR4 Vehicle Platform  
PR3 and the earlier prototype PR2 had successfully demonstrated the capabilities of the robot 
to overcome various obstacles such as staircase, slope, step and ditch as well as speed up to 
0.8m/s. However, there were still some problems observed in PR3 as stated in Section 5.3.2.  
5.4.1. DESIGN I MPROVEMENTS OF PR4A OVER PR3 
PR4A is a major design revision compared to all the earlier prototype developments. As all the 
mechanism of the robot had already been proven to be functional, the focuses of the design 
consideration are packaging of the components and ease of assembly. At the same time, a 
larger variant of the robot, which has a larger pulley diameter, has been designed by utilising a 
larger vehicle track module while still using the same vehicle chassis.  
5.4.2. VEHICLE CHASSIS 
The new vehicle chassis design is still made up of two flipper compartments at the front and 
the rear of the platform and a vehicle electronics module in the centre. As the new flipper 
compartment is more compact than the new vehicle electronics module, the central portion of 
the vehicle chassis will be protruding out as shown in Figure 5.31. 
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Figure 5.31: PR4A Vehicle Chassis  
5.4.2.1. Flipper Compartment 
The new flipper compartment is more compact, slightly longer, dust-proof and had limited 
splash-proof capability. In the previous two designs, the motors were arranged at 90 apart 
using the axis of flipper shaft as the centre of rotation while the two servoamps were packed 
vertically on the wall beside the VEM. In the new design, the motors were arranged at 180
apart using the axis of flipper shaft as the centre of rotation while the two servoamps (including 
a larger drive servoamp Copleys 513) were packed horizontally on the top plate of the 
compartment. Grommets are used to protect the servoamps from vibration and shock while 
thermal pad are used to conduct heat from the housings of the servoamps to the top plate. The 
new arrangement improves the ground clearance from 5mm (PR3) to 24mm (PR4A) (as 
shown in Figure 5.32) or 37mm. 
Figure 5.32: Comparison of Ground Clearance for PR3 and PR4A 
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Since a larger variant of the robot had been designed, the length of the compartment is slightly 
more to accommodate a larger 250W drive motor. The larger motor will provide more traction 
power to the robot thus enabling it to drive a total weight up to 45kg and yet have the same 
performance characteristics of the smaller one. As there is a lot of wiring between the motors, 
encoders, servoamps and PC/104 motion controller, a customised PCB is used for all the 
wiring within the compartment. This helps to tidy up the wire harnessing and makes 
maintenance easy. All the wirings outside the compartment are integrated into three 
connectors, one for powers, one for signals and a coaxial connector for video.   
Through the use of bearings with seals, fasteners with seals and cover plates, the flipper 
compartment has been designed to be dust-proof, which have no exposed opening. By using 
rubber stripes at edges of all the covers plate, an attempt is made to make the flipper 
compartment splash proof as shown in Figure 5.33. 
Figure 5.33: PR4A Flipper Compartment  
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5.4.2.2. Vehicle Electronics Module 
The new vehicle electronics module is more compact than the previous one, the two wire-
harnessing passageway are shifted outside the PC/104 modules and merged with the wireless 
data modem and video transmitter. The wire harnessing runs under the wireless data modem 
and video transmitter, which no longer had separate housings, on both side of the VEM. Inside 
the PC/104 modules, there is a PC/104 rack that houses and protects four PC/104 stacks 
through the use of shock isolators. Another four more PCBs are mounted on the PC/104 racks, 
that is, a tilt sensor/compass is mounted horizontally in the centre of the rack and three 
PC/104 form factor PCBs for video multiplexer with ultrasonic, GPS receiver and GPS I/O card 
as shown in Figure 5.34. 
Figure 5.34: PR4A PC/104 Module  
In all the three earlier prototypes, wirings within the PC/104 module were very messy. In new 
VEM as shown in Figure 5.35, all the electrical interfaces including power, signal, coaxial 
connectors and future connectors to and out of the PC/104 module will be catered and wall-
mounted to the two side plates and top plate of the PC/104 module housing. Besides saving 
space, these arrangements also lower the risk of EMI/EMC disturbance to the tilt 
sensor/compass caused by the wireless data modem and video transmitter as aluminium walls 
with no openings separate them from the PC/104 modules. 
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Figure 5.35: PR4A Vehicle Electronics Module  
5.4.3. VEHICLE TRACK MODULE 
From the experiences of the earlier prototype, the VTM holder is redesigned to allow 
detachment of drive pulley/idler (as shown in  Figure 5.36) instead of an integrated structure 
that held both drive pulley and idler as the drive pulley/idler always worn out faster than other 
components. A quick release mechanism using four snap catches had been implemented at 
four corners of the vehicle track module. 
Figure 5.36: PR4A VTM Holder and Detachable Drive Pulley/Idler  
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A new material, Delrin, is used for all the pulleys instead of aluminium for weight reduction 
purposes. The thickness and diameters of the pulley flanges of all the pulleys are increased to 
prevent derailment of tracks. Two additional rollers are added to the main tracks to improve 
traction in outdoors environment. As both the main tracks and articulated tracks tend to 
accumulate dirt during outdoors environments, covers are added to both tracks. The main 
tracks are totally covered up to prevent dirt from getting into the tracks while the articulated 
tracks are partially covered up to limit the size of dirt from getting into the tracks, as shown in 
Figure 5.37. 
Figure 5.37: PR4A Main and Articulated Track Covers.  
Two sets of vehicle track profiles had been designed and tested for the earlier prototypes. The 
new vehicle track profile is thinner and has closer intervals than the earlier vehicle track 
profiles as shown in Figure 5.38. 
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Figure 5.38: PR4A Vehicle Track Profile  
In the earlier prototypes, the power for the payload and the sensors has not been catered. To 
anticipate the additional power consumption by the sensors and payload, extra powerpacks 
are added to support their integration.  It is proposed to have 5 separate powerpacks; two 
packs with a rating of 32.4V, 4Ah and three packs with the rating of 24V, 4Ah, for PR4A as 
shown in Table 5.8. The breakdown of the power distribution is shown in Figure 5.39.  
Table 5.8: Technical Specifications of PR4A Powerpacks 
Individual Battery Technical Specification 
  Battery Chemistry Rechargeable Nickel Metal Hydride 
  Battery Rating 1.2V, 3.7Ah 
  Weight per unit  0.053kg  
  Volume per unit 17mm 67mm = 0.015 106 mm3 
  Quantity used 114 
Power Distribution Configuration 
Powerpack 1 and 2  
  Packaging: 27 cells of the batteries are series together 
  Combine rating 32.4V, 4Ah 
  Weight 1.445kg 
  Volume (172mm 68mm 35mm + 121mm 68mm 13mm) 
    = 0.54 106mm3 
Powerpack 3, 4 and 5  
  Packaging: 20 cells of the batteries are series together 
  Combine rating 24V, 4Ah 
  Weight 1.06kg 
  Volume 172mm 68mm 35mm = 0.409 106mm3 
Total weight 1.445 2 + 1.06 3 = 6.07 kg 
Total Volume 0.54 106mm3 2 + 0.409 106mm3 3 = 2.307 106 mm3 
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Figure 5.39: The Schematic of PR4A Power Distribution Configuration.  
Two variants had been designed for PR4A. Both of them shared the same vehicle chassis but 
had different vehicle track modules. One has larger diameter pulleys while the other uses 
wheel instead of track and pulleys for movement in flat terrain. 
Figure 5.40: PR4A Variants   
 Mechanical Design of a Small All-Terrain Robot  Page 68   
Master of Engineering Thesis 
6. FINAL MECHANICAL DESIGN 
Valuable experiences were gained and important lessons were learned from the three earlier 
prototype developments. The fourth and final prototype had considered most of the problems 
observed in the earlier prototype developments.  
The design of the robot is closely related its operation and the man-portability requirement. 
Since the robot will be operating in urban terrains overcoming various types of obstacles, it is 
likely to experience shock, vibration, dust and water during this operation. Hence design 
considerations are given to minimise the vulnerability of the platform and internal components 
against these hostile elements. The man-portability requirement of the robot affects the design 
significantly. All the various mechanisms of the robot must be able to break into three sub-
modules cleanly and easily.  
6.1. VEHICLE CHASSIS (VC) 
In Figure 6.1, the vehicle chassis is the body where all the components that are vulnerable to 
shock, vibration and other hostile environment elements are located. In order to ensure that all 
these components survived the operations of the robot, additional protections are required.  
Figure 6.1: Vehicle Chassis without Covers  
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Table 6.1: Protection Required and Physical Connection of Various Components 





1 Drive Motor X X Drive servoamp 
2 Drive Encoder X Drive servoamp 
3 Drive Servoamp Drive motor, drive encoder, 
PC/104 and power 
4 Flipper Motor X X Flipper servoamp 
5 Flipper Encoder X Flipper servoamp 
6 Flipper Servoamp Flipper motor, flipper encoder, 
PC/104 and power 
7 PC/104 Modules All electronics and power 
8 Sensors PC/104 and power 
9 Wireless Data Modem PC/104 and power 
10 Wireless Video 
Transmitter 
PC/104 and power 
: Require protection and X: Do not require protection   
From Table 6.1, it is clearly observed that items 7-10 required more protection than items 1-6. 
Both the drive motors, the flipper motors and their respective servoamps are the largest heat 
generators within the robot. Another design consideration is that there are only two physical 
connections (the signal connections between servoamps and PC/104 and power connection) 
between the items 1-6 and items 7-10. Hence there is a need to have separate compartments 
within the vehicle chassis to house items 1-6 and items 7-10 due to the different level of 
protection needed for various components as well as heat dissipation and potential electrical 
magnetic interference between the motors and the vehicle electronics. As mentioned in 
Section 4.2.4, since both the vehicle drive mechanism and the vehicle flipper mechanism 
shared the same axis of rotation, there is a need to have two identical compartments to house 
a drive motor and a flipper motor each on both axes of rotation of the main track. The vehicle 
chassis is made up of three modules, namely a vehicle electronics module in the centre of the 
robot and two flipper compartments at the front and rear of the robot as shown in Figure 6.2. 
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Figure 6.2: Three Modules of Vehicle Chassis  
In Figure 6.3, a framework structure is used for the design of the vehicle chassis with the 
intention of weight reduction. The benefits of the framework structure will be discussed in the 
next section. 
Figure 6.3: Framework Structure of Vehicle Chassis  
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6.1.1. FLIPPER COMPARTMENT (FC) 
In Figure 6.4, the flipper compartment is the body that holds both the drive and flipper motors 
in place for effective transmissions of power and protects the components from environment 
elements such as shock, vibration. It must be lightweight and strong enough to withstand the 
operation of the robot. It houses the motor, planetary gearhead, digital encoder and 
servoamps of both the vehicle drive and flipper mechanism as well as the flipper shaft and a 
PCB board to route all the signal and power connections between the motors, encoders, 
servoamps and PC/104 motion controller. 
Figure 6.4: Components within a Flipper Compartment  
In Figure 6.5, a framework structure with thin cover plates, which was lightweight and strong, 
was adopted for the design of the compartment. The two side plates of the framework 
structure were specially designed to hold various frame struts across and along the vehicle 
chassis. The mountings of the two motors were integrated and optimised for weight, as well as 
give additional support to the centre of the framework structure. 
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Figure 6.5: Flipper Compartment Framework structure and Motor Mountings  
In Figure 6.6, special design consideration had to be given to vehicle ground clearance based 
on the experience of the first prototype. First, the body of the robot must be a few centimetres 
above ground to prevent being trapped by small obstacles. Second, the front and rear of the 
robot must be within the “umbrella” of the drive pulleys so that the robot will not be trapped 
during obstacle negotiation. The placement of the drive and flipper motors must factor the 
above considerations together with the coaxial rotation requirements and at the same time 
prevent dynamic interference and difficulty to access parts during maintenance. 
Figure 6.6: Vehicle Ground Clearance, Coaxial Rotation and Motor Placements 
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As spur gears are used for the power transmission for both the vehicle drive and flipper 
mechanisms, exact distance between two transmitting spur gears must be maintained for high 
efficiency. As both the drive and flipper motors were already mounted to the framework 
structure, a pair of bearing was used to constrain the rotating flipper shafts while another pair 
of bearing (located at the vehicle track modules) was used to constrain the rotating pulleys as 
shown in Figure 6.7. 
Figure 6.7: Bearings for (a) Vehicle Drive Mechanism (b) Vehicle Flipper Mechanism  
Grommets are used to protect both the drive and flipper servoamps from vibration and shock 
while Thermagon pads, which absorb vibration and have excellent thermal properties, are 
used to conduct heat from the housings of the servoamps to the top plate for heat dissipation. 
Considerations were taken to protect the components from environmental elements. Bearings 
with seals and panel-mounted connectors were used to prevent dust and water to come in 
through them. Rubber strips were used near the covers to prevent water from seeping in. 
Fastener seals are used to prevent water seepage through the fastener holes. No opening was 
left unprotected in the compartment.  
As shown in Figure 6.8, the ease of assembly/disassembly was also considered during the 
design. The servoamps can be easily access through the top plate while the motors can be 
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readily access through the base plate. The electrical connections to the PC/104 modules are 
located at the back plate. 
Figure 6.8: Ease of Assembly/Disassembly of Flipper Compartment  
6.1.2. VEHICLE ELECTRONICS MODULE (VEM) 
The vehicle electronics module (as shown in Figure 6.9) is the casing that houses and protects 
the vehicle electronics, such as PC/104 modules, sensors, wireless data modem and wireless 
video transmitters, from shock, vibration and other environment elements they are vulnerable 
to and yet always associated to the normal operating conditions of the robot. Another function 
of the module is to minimise the electrical magnetic interference (EMI) between the wireless 
data modem, wireless video transmitter and the sensors. This is done by designing the module 
to have three separate compartments as such there will not be EMI between the 
compartments. The module is also the location of all the power and signal connection 
exchange between the two flipper compartments, two vehicle track modules, pan-tilt-zoom 
camera and various modular payloads. 
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Figure 6.9: Vehicle Electronics Module  
The vehicle electronics encompass a total of four PC/104 modules, tilt sensor/compass, GPS 
receiver, ultrasonic sensor board, video multiplexer board, wireless data modem and wireless 
video transmitter. Both the data modem and video transmitter are already packaged in a box 
while the rest are bare PCB without any protection. The tilt sensor/compass needs to be 
placed in the centre of the robot in order to measure the tilting and bearing of the robot 
accurately while the wireless data modem will interfere with the wireless video transmitter, 
therefore they need to be placed as far apart as possible.  
As bare PCB boards are susceptible to shock and vibration, a commercial PC/104 rack (as 
shown in Figure 6.10), which can houses up to 11 PC/104 modules and comes with shock and 
vibration absorbers, is used to protect the four PC/104 modules. Engineering effort was used 
to design the ultrasonic sensor board and the video multiplexer board in PC/104 form factor, 
while additional effort was used to redesign the GPS receiver and I/O ports as a two-stack 
PC/104 form factor. Hence a total of four PC/104 modules and four customised PC/104 boards 
occupied each ends of the PC/104 rack leaving a three-stack empty space. The tilt 
sensor/compass is then placed in this empty space through a mounting that holds it and 
adapts to the PC/104 racks. 
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Figure 6.10: Commercial PC/104 Rack with the Various Electronics  
The PC/104 racks together with its housing occupied the centre of the vehicle electronics 
module. Two separate compartments besides the PC/104 housing were catered to hold and 
protect the wireless data modem and the wireless video transmitter through the use of shock 
and vibration absorbers and holding brackets. Since both the wireless data modem and the 
wireless video transmitter occupied the top portion of the two compartments respectively, the 
space below them were utilised for wire harnessing to route all the various power and signal 
connections. The modem compartment was linked to the video compartment through two small 
openings at both ends of the PC/104 housings. All the electrical interfaces (power, signal and 
coaxial) in and out of the PC/104 housings and the vehicle electronics module were panel-
mounted to protect against dust as well as minimising EMI/EMC disturbance within the 
module. 
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Figure 6.11: Various Compartments within the Vehicle Electronics Module  
This design eliminates the need to dismantle the PC/104 housings in order to access to certain 
electrical interfaces, thereby reducing the risk of loosen connections, short-circuit as well as 
tidy up the wire harnessing within the module. It also allows easy access to the wireless data 
modem and the wireless video transmitter as shown in Figure 6.11  
6.1.3. PHYSICAL AND ELECTRICAL CONNECTIONS BETWEEN THE THREE SUB-MODULES 
Physically, the two flipper compartments at the front and rear of the robot were connected to 
each other through four frame struts. The main purpose of this design is to maintain an exact 
distance between the two axes of rotation that are located in the two flipper compartments. 
Next, the vehicle electronics module is then slotted into the centre volume between the two 
flipper compartments held firmly by the four frame struts as shown in Figure 6.12. The 
electrical connections should be connected before securing the vehicle electronics module 
firmly to the VEM adapter of both the flipper compartments. Electrically, there were three 
connections, one for power lines, one for the signal lines from PC/104 motion controller and 
one for coaxial video lines, between each flipper compartment and the vehicle electronics 
module. Lastly, both the modem cover plate and the video cover plate of the vehicle 
electronics module were fastened together to form the module 
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Figure 6.12: Physical and Electrical Connections between Sub-Modules of the Vehicle Chassis   
6.2. VEHICLE TRACK MODULE (VTM) 
As shown in Figure 6.13, vehicle track module is the module that contains all the pulleys and 
tracks for one side of the vehicle as well as the vehicle powerpack module. Most of the 
components in this module do not require any protection except the powerpack that requires 
some protection from water.  
Figure 6.13: Vehicle Track Module  
The design of the module made use of a VTM holder that has five functions as shown in 
Figure 6.14. It holds all the various components within the module as a single assembly. It 
allows quick assembly or disassembly of the module with the vehicle chassis. It constrains 
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both the drive pulley and drive idler at a fixed distance. It allows the vehicle powerpack module 
and the main track covers to be attached to it. 
Figure 6.14: The Five Functions of VTM Holder   
From the experiences of the earlier prototypes, the VTM holder was designed to allow easy 
detachment of drive pulley/idler instead of an integrated structure that held both drive pulley 
and idler as the drive pulley/idler always worn out faster than other components. A drive pulley 
hub was designed with two functions: for attachment to the VTM holder and as a holder for the 
bearing that allows the drive pulley/idler to rotate freely with respect to the VTM holder as 
shown in Figure 6.15. 
Figure 6.15: The Two Functions of Drive Pulley Hub  
As shown in Figure 6.16, the drive pulley was designed to be held by the drive pulley hub 
bearing and allowed flipper pulley to be attached to it. It allowed the flipper shaft passed 
through its centre and free rotation of the flipper shaft. A spur gear for drive power 
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transmission with the drive motor spur gears is attached to the core of the drive pulley. Both 
the diameter and thickness of the flange were carefully chosen (based on the experience of 
the earlier prototypes) to prevent track derailment in the outdoor environment. The design of 
the drive idler was similar to that of the drive pulley except that the core was shorter since 
there was no need to have for a spur gear attachment for drive power transmission. 
Figure 6.16: The Cross Section View of Drive Pulley and Drive idler  
As shown in Figure 6.17, the flipper pulley was designed to be attached to the drive pulley/idler 
as well as allowing the flipper arm to rotate free at its axis through the use of bearings.   
Figure 6.17: The Cross Section View of Flipper Pulley  
The flipper arm was the structure to hold the flipper pulley and flipper idler at a fixed distance. 
It was tightly attached to one end of the flipper shaft through the use of a key-groove catch as 
shown in Figure 6.18. As the key-groove catch on the flipper shaft was on the same side, the 
key-groove hole on the flipper arms on both ends of the flipper shaft were 180  out of phase. 
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Figure 6.18: The Flipper Arm  
A new material, Delrin, is used for all the pulleys instead of aluminium for weight reduction 
purposes. However, aluminium is still used for the pulley flanges for strength. Holes were 
drilled on the drive pulleys/idlers and flipper pulleys to reduce weight as well as for access to 
fastener holes.  
From the observations for outdoor trials for the earlier prototypes, both the main tracks and 
articulated tracks tend to accumulate dirt and the main tracks did not had enough traction. 
Hence dirt covers were added to the flipper arm to limit the size of dirt from getting into the 
articulated tracks as shown in Figure 6.19. 
Figure 6.19: Articulated Track Cover.  
Dirt covers with two additional rollers were added to over up the main tracks and improve its 
traction in outdoors environment as shown in Figure 6.20. 
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Figure 6.20: Main Track Cover with Rollers.  
The VPM housing protects the powerpack from hostile environment elements and can be 
attached to the centre of the VTM holder as shown in Figure 6.21. The base of the module 
serves as additional traction support for the main track and its location allows easy access to 
replace the powerpacks. 
Figure 6.21: Vehicle Powerpack Module  
6.3. ASSEMBLY AND DISASSEMBLY OF THE THREE SUB-MODULES 
As the robot is made up of three sub-modules, there is a strong emphasis on the mechanical 
design to allow easy assembly and disassembly of the three sub-modules. The vehicle chassis 
houses and protects most of the vulnerable components from hostile environment elements, 
while the vehicle track modules contain the all the pulleys and tracks and powerpacks.  
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From Section 4.2.2 and Section 4.2.3, the components that made up the vehicle drive 
mechanism and the vehicle flipper mechanism were spread among the vehicle chassis and the 
vehicle track modules. In order to adopt three man-portable sub-modules, the designs of both 
the vehicle drive and flipper mechanism have to achieve the followings: - 
Allow their components to be spilt neatly among the vehicle chassis and the vehicle 
track module. 
Maintain the level of ruggedization of the sub-modules. 
Minimise the efficiency loss of the drive and flipper motor power transmissions 
Allow quick and easy assembly and disassembly of the three sub-modules.  
The vehicle drive mechanism was divided among the sub-modules at the spur gear 
transmission between the gearhead of the drive motor and drive pulley as shown in Figure 
6.22. The mounting of the gearhead of the drive motor was designed such that it isolated the 
cavity inside the flipper compartment that was encroached by the drive pulley thus maintaining 
the level of ruggedization of vehicle chassis. The bearings at the drive pulley hub constrained 
the location of drive pulley spur gear, thereby minimised transmission loss due to 
misalignment. 
Figure 6.22: Division of Vehicle Drive Mechanism among the Sub-Modules.  
The vehicle flipper mechanism was divided among the sub-modules at the flipper shaft and 
flipper arm as shown in Figure 6.23. The flipper arms from the vehicle track module can be 
easily slotted into the flipper shaft. The key-groove catches minimised the transmission loss 
due to slippage. 
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Figure 6.23: Division of Vehicle Flipper Mechanism among the Sub-Modules.  
A quick release mechanism was designed as there is a need for fast disassembly of the robot 
into the sub-modules for transportation by two of more people, as well as rapid assembly of 
the sub-modules into the robot for mission. The VTM holder was designed to have six holes 
with chamfering and have four catches for snap lock at the corners (See Figure 6.24). While 
the flipper compartment side plates were designed to have three circular steps with chamfering 
and two snap locks at two outer corners each (See Figure 6.25). The steps served as a guide 
to allow the person to attach the vehicle track module to the vehicle chassis easily and the 
snap locks were used to secure them tightly. Lastly, the Mil-spec connector of the vehicle 
powerpack module is connected to vehicle chassis. 
Figure 6.24: Quick Release Features of VTM Holder. 
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Figure 6.25: Quick Release Features of FC Side plates. 
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7.  WEIGHT AND POWER ANALYSIS 
7.1. POWER MANAGEMENT 
Powerpack of a new chemistry, Nickel Metal Hydride (NiMH), was used for the robot as it has 
several advantages over the lead acid powerpack. First, the weight and size of the NiMH 
powerpack are lighter and smaller than that of lead acid powerpack of the same capacity. 
Second, there is more flexibility in the packaging of the powerpacks because the NiMH 
batteries come in the form of cells instead of a block like the lead acid batteries. Third, there is 
more flexibility in the voltage as NiMH batteries come in step voltage of 1.2V while lead acid 
batteries come in step voltage of 6V.  
7.1.1. POWERPACK SIZING AND DISTRIBUTION 
Vehicle powerpack sourcing, sizing and distribution are another important design consideration 
for the vehicle platform. It directly affects the runtime and the weight of the robot. A larger 
powerpack allows the robot to run longer but is heavier. The size of the powerpack is 
calculated based on the most stringent power consumption for a runtime of an hour.  
In the earlier prototypes, all the motor systems and vehicle electronics were being powered by 
a single 24V powerpack. As a result, the powerpack was subjected to a very high current 
drainage, which lead to a short endurance of the powerpack. Based on tests conducted to 
determine the current consumption of each electrical component, it is observed that the drive 
motor systems consume a lot of power. Hence separate powerpacks are catered for drive 
motor systems, flipper motors system, vehicle electronics and modular payloads (Optional for 
robot) in order to improve the endurance of the powerpacks, as the current drainage by each 
of them is lower. 32.4V powerpack was chosen over 24V powerpack used in the earlier 
prototypes to enable the platform to reach 0.9m/s instead of 0.58m/s.  
Table 7.1 shows a summary of the power consumption of the various components and the 
distribution of the powerpacks while shows the power distribution configuration. 
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Table 7.1: Summary of Power Consumption of vehicle platform 
Powerpack 1 and 2 (32.4V, 4Ah) 









Drive Motor System 
Drive Motor (EC45) 
Drive Servoamp (Copleys 513) 
32.4 2.21 71.6 01 71.6 
Total 71.6 
Powerpack 3 (24V, 4Ah) 









Flipper Motor System 
Flipper Motor (RE40 with brake) 








02 64.32  
31.68 





Powerpack 4 (24V, 4Ah) 









Vehicle Electronics Module 
PC/104 CPU Module 




PC/104 Motion Controller 
Wireless Video Transmitter 
(Dellstar) 
Wireless Data Modem 
(Hummingbird) 
24 0.86 20.64 01 20.64 
Wireless Data Modem  
(Pacific Crest) 
2.0 01 2.0 
Pin-Hole Camera 12 0.1 1.2 01 1.2 
Drive Camera  12 0.38 4.56 01 4.56 
Ultrasonic Sensors (Honeywell) 24 0.035 0.84 02 1.68 
Ultrasonic Sensors (Banner) 24 0.03 0.72 01 0.72 
Light Bulb 12 1.67 20.04 01 20.04 
Tilt Sensor/Compass 12 0.02 0.24 01 0.24 
GPS Receiver 5 0.2 1.0 01 1.0 
Thermal Imager 12 0.7 8.4 01 8.4 
Total 60.48 
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Figure 7.1: The Schematic of the Robot Power Distribution Configuration.  
As shown in Figure 7.1, the powerpack distribution is configured such that the power available 
in each powerpack is sufficient to support its loading for at least an hour of operation except for 
the payload’s powerpack. This is because the deployment of each of the individual payloads is 
not expected to last for more than an hour.  In addition, at every one time, only one modular 
payload is allowed to operate.  
Powerpack 1 and 2 are identical and they provide power to each of the drive motor systems 
(drive motor and drive servo-amplifier).  The 32.4V powerpacks are used because the speed 
of the platform is a function of the voltage across the motors.  Thus, reach a maximum speed 
of 0.9m/s, a voltage of 32.4V is required.  Two powerpack of 32.4V, 4Ah are used instead of a 
powerpack of 32.4V, 8Ah because higher current will result in larger heat generation and 
lowers the efficiency of the system. Some information of the powerpack is shown in Table 7.3.  
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Table 7.2: Technical Specifications of the Powerpacks 
Individual Battery Technical Specification 
  Battery Chemistry Rechargeable Nickel Metal Hydride 
  Battery Rating 1.2V, 3.7Ah 
  Weight per unit  0.053kg  
  Volume per unit 17mm 67mm = 0.015 106 mm3 
  Quantity used 114 
Powerpack Distribution Configuration 
Powerpack 1 and 2  
  Packaging: 27 cells of the batteries are series together 
  Combine rating 32.4V, 4Ah 
  Weight 1.445kg 
  Volume (172mm 68mm 35mm + 121mm 68mm 13mm) 
    = 0.54 106mm3 
Powerpack 3, 4 and 5  
  Packaging: 20 cells of the batteries are series together 
  Combine rating 24V, 4Ah 
  Weight 1.06kg 
  Volume 172mm 68mm 35mm = 0.409 106mm3 
Total weight 1.445 2 + 1.06 3 = 6.07 kg 
Total Volume 0.54 106mm3 2 + 0.409 106mm3 3 = 2.307 106 mm3 
 
7.2. WEIGHT MANAGEMENT 
7.2.1. DESIGN GOAL 
The design goal is to achieve a man-portable robot at an ideal weight of 24 kg, excluding 
payload weight. This goal is a very challenging one given the requirements of the robot to be 
terrain-versatile, rugged and highly mobile for a long duration. Nevertheless, the mid-term goal 
is to achieve a three sub-modules man-portable robot at a weight of 28.5kg.  
7.2.2. PLATFORM WEIGHT 
The weight distribution of the preliminary prototype is used as a reference for the estimated 
weight for the deliverable (see Table 7.3).  
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Table 7.3: Summary of Weight Estimate of Vehicle Platform 









Drive Servoamp 0.272 02 0.544 0.600 02 1.200 
Flipper Servoamp 0.272 02 0.544 0.272 02 0.544 
Vehicle Chassis Housing 5.374 01 5.374 5.391 01 5.391 
Vehicle Electronics 1.882 01 1.882 1.555 01 1.555 
Drive Motor System 2.043 02 4.085 1.577 02 3.154 
Flipper Motor System 1.190 02 2.380 1.171 02 2.342 









Sub-Total   16.596   15.332 
Pulleys 3.868 01 3.868 2.912 01 2.912 
Tracks 1.760 01 1.760 1.334 01 1.334 
Powerpack 5.016 01 5.016 5.016 01 5.016 
VTM Housing 2.443 01 2.443 2.376 01 2.376 














Sub-Total   14.831   13.248 
Total   31.427   28.580 
From the table, it is obvious that it is indeed a challenge to meet all system requirements within 
such weight and size constraints. The estimated weight of the final prototype should be around 
28.5kg. The technical possibility to reduce the weight further could be realized if special 
customisation using lightweight materials like fiberglass is considered.   
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8. CONCLUSION 
The exploratory development of this small all-terrain robot had been carried for slightly over 
two years. During this period, a total of four prototypes of the robot had been designed and 
fabricated while three of them had been tested.   
PR1 was the preliminary prototype to test the concept of a robot with an articulated track 
mechanism. In PR1, the vehicle drive mechanism was proven to be feasible. It had shown that 
the motor transmission power of the vehicle flipper mechanism was insufficient, a two sub-
modules man-portable design of the robot was impractical due to uneven distribution of weight, 
and the vehicle powerpack needed to be accessible for replacement.  
In PR2, the vehicle flipper mechanism, framework structure design and the three sub-modules 
man-portable design of the robot were shown to be viable. It had revealed that additional 
rollers to tension the main track were impractical and the wire harnessing required design 
attention. In outdoor trials, it was observed that the design of the robot needed to be enhanced 
in order to perform better. After the environmental worthiness test, it was observed that the 
design of the robot needed to be improved to withstand humidity and vibration.  
PR3 was the prototype that had fulfilled most of the preliminary design goal set for the robot. It 
was able to traverse at a maximum speed of 0.9m/s; lift itself up in ‘standing’ position and even 
traverse in ‘standing’ position. PR3 was able to overcome 180mm step, 300mm ditch and 30
slope easily. It was able to climb up staircase and 45 slope (provided that the robot has 
enough traction). However it had shown that the robot had only a payload weight capability of 
3.0kg excluding platform weight of 30.0kg and an endurance of around 30 minutes. A larger 
drive servoamps and separate powerpacks are required to increase the payload weight 
capability.  
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Currently, PR4 is still in the design phase. Based on the experiences gained and lessons 
learnt from the three earlier prototype developments, it has considered most of the problems 
observed in the earlier prototype development and at the same time catered for design 
optimisation for space and weight, ease of assembly and limited splash proofing. In PR4, 
provision is given to allow the flipper compartment to accommodate larger drive motors of 
250W and larger drive servoamp while reducing its weight and volume. A larger variant of the 
robot with a larger pulley diameter is designed by changing the vehicle track module while 
using the same vehicle chassis. Main and articulated track covers are added to the 
respectively tracks to enhance the performance of the robot in outdoor environment, especially 
grasslands. All the vulnerable components within the robots are protected to withstand a 
reasonable amount of shock, vibration, humidity and temperature environment elements.  
The goal is to assemble PR4 and then let it undergoes the environmental worthiness test and 
the outdoor trial. The project will be completed once the observations from the test and trial are 
rectified.  
8.1. RECOMMENDATIONS FOR FUTURE DEVELOPMENT 
Due to limitation of time, there are still many aspects of the project, which can be improved 
further. They are: - 
Smaller drive motors and flipper motors of 120W rating can be used to test whether 
the existing drive motors and flipper motors of 150W rating are oversized. 
A wheel-variant of the robot can be designed by attaching a wheel to the main pulley. 
This will enhance the speed of the robot in flat ground while tracks are still used in 
off-road conditions. 
A longer single flipper can be used instead of two in  order to reduce the weight of 
the robot, though the robot will have poorer mobility over obstacles.   
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B MOTOR SELECTION 
B.1. SELECTION CRITERIA FOR DRIVE AND FLIPPER MOTORS 
The selection criteria for both the drive and flipper motors are to meet the torque and angular 
speed requirements summarised in the following table:  
Table B1: Requirement of Motors 
Motor Torque (Nm)  Angular speed 
(rpm) 
Voltage (V) 
Drive Motor 11.8 137 32.4 
Flipper Motor 40.3 5 24 
On top of these, the selected drive and flipper motors should preferably be lightweight and 
compact as there are weight and space constraints in the vehicle platform.   
Both the drive and flipper motors selected for both the vehicle drive mechanism and vehicle 
flipper mechanism respectively were based on Maxon motors. During the market study carried 
out earlier, it was concluded that Maxon motors were able to meet high torque, lightweight and 
compact design requirements desired by the vehicle platform. The Maxon Selection Program 
was used to assist in the sizing of both the drive and flipper motors.  
B.2. GEARHEAD SELECTION FOR DRIVE AND FLIPPER MOTORS 
For both the drive and flipper motors, the required angular speed is very small while the 
required torque is quite large. Direct drive without gearheads for both motors is not feasible as 
any motor that is able to meet their requirements will be quite a large one. As most motors 
have higher output angular speed and lower output torque, planetary gearheads are used to 
step down the output angular speed and at the same time step up the output torque. Planetary 
gearheads from Neugart were chosen over those from Maxon mainly because of transmission 
efficiency, transmission torque load and weight.   
Neugart gearheads generally have better efficiency of 90% than those of Maxon. This means 
that less power is lost through transmission by Neugart gearhead than those of Maxon and 
thus the power consumed by the motors will be lowered. Neugart gearheads also can tolerate 
higher torque level than those from Maxon. Though for low gearhead ratio, Maxon gearheads 
are lighter than those of Neugart, the overall weight (gearhead and powerpack) contributed by 
Neugart gearhead are lower.  
Table B2: Comparison between Neugart and Maxon Planetary Gearhead 
Specifications Neugart Planetary Gearhead Maxon Planetary Gearhead 
Ratio 60,80,100,160,256 120,200,320 43,74,113,156 230,319,514,936
Efficiency 90% 90% 72% 64% 
Torque Load 20Nm 18Nm 15Nm 15Nm 
Weight 0.55kg 0.55kg 0.46kg 0.56kg 
  
B.3. MAXON MOTOR SELECTION PROGRAM 
Upon running the Maxon selection program, gearhead is selected for the drive layout while 
continuous is chosen for the drive operation mode. Next, the required torque, angular speed 
and voltage are entered in the subsequent two GUIs. A trial and error approach is used to 
establish the best planetary gearhead ratio based on the power consumption. For example, if 
Neugart PLE40 Ratio 1:100 is chosen, a corresponding efficiency of 90% is input in the 
program based on technical specifications of the Neugart planetary gearhead.  
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Figure B1: Maxon Selection Program GUI  
Figure B2: Speed, Torque and Voltage Input for Drive Motor Selection GUI  
Figure B3: Suitable Drive Motors GUI   
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Figure B4: Speed, Torque and Voltage Input for Flipper Motor Selection GUI  
Figure B5: Suitable Flipper Motors GUI  
For the details generated by Maxon Selection Program, please refer to input data for Drive 
Motor 136204 and Flipper Motor 148877 respectively.  
B.4. COMPONENTS OF THE VEHICLE DRI VE AND FLIPPER MOTOR 
SYSTEMS 
After choosing the suitable motors and planetary gearheads for both the vehicle drive 
mechanism and the vehicle flipper mechanism, other components such as encoders and 
servoamplifiers are also identified based on the selected motors. A brake is added to the 
selected flipper motor as the robot needs to maintain its position at staircase even when the 
power is cut off.   
Table B3: Components of the Vehicle Drive and Flipper Motor Systems 
Components Vendor  Model Description 
Drive Motor Maxon 136204 EC45 150W Brushless Motor 
Drive Gearhead Neugart PLE40-100 Gear Ratio 1:100 
Drive Encoder Maxon 137959 Digital Encoder 
Drive Servoamp Copleys 513 DC Servo Amplifier 
Flipper Motor Maxon 148877 RE40 150W Brush Motor 
Flipper Gearhead Neugart PLE40-320 Gear Ratio 1:320v 
Flipper Encoder Maxon 110516 Digital Encoder 
Flipper Servoamp Copleys 405 DC Servo Amplifier 
Flipper Brake Maxon 228387 Brake 
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INPUT DATA FOR DRIVE MOTOR 136204  
Gearhead Application 
Times load torque speed 
[msec] ML[mNm] nL[rpm] 
0.0 11800.000 137.000  
reduction ratio i:   100.00 [:1] 
efficiency    ETA:       90 [%]  
MAIN INPUT APPLICATION LIMITS 
motor type:         All ambient temperature:   25.0 [°C] 
motor program:      Stock commutation:          
gearhead type:      All gearhead input speed: 
tacho/encoder:      None drive diameter:       
applied voltage:    32.4   [V] drive length:         
tolerance range in: Voltage               
tolerance:          -30.00 to +0.00 [%]  
CALCULATED OUTPUT POWER 
output power:      188.100 [W]  
SYSTEM COMPONENTS 
Drive:     136204      
Motor:     136204      
             EC-motor d45, brushless, D, 150W, ball bearings, 2 shafts  
Gearhead:     - 
              
Tacho:        - 
              
Encoder:      - 
              
Resolver:     - 
              
Special:      - 
              
CALCULATED SYSTEM DATA 
no load speed:  14495.1 [rpm] 
load speed:     13699.3 [rpm] 
load torque:      131.1 [mNm]  
CALCULATED MOTOR DATA 
applied voltage     :  32.1 [V]    
continuous current  :  6.89 [A]  
   
motor speed         :    13699 [UpM] 
motor torque        :    131.2 [mNm]   
winding temperature :  96.8 [°C] 
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NOMINAL VALUES AND         Motor type:  136204  /    
TOLERANCE   LIMITS         EC-motor d45, brushless, D, 150W, ball bearings, 2 shafts 
                           Applied voltage    : 32.06 [V] 
                           Ambient temperature: 25.0 [°C]     
MAX NOMINAL MIN 
Km : 23.76 21.60 19.44 [mNm/A]   torque constant 
Kn : 486 442 398 [rpm/V]   speed constant 
dn/dM : 8.06 6.34 4.63 [rpm/mNm] speed-torque gradient 
n0 : 15945 14495 13046 [rpm]     no-load speed 
I0 : 0.427 0.316 0.206 [A]       no-load current 
MIH : 2613.3 2233.6 1853.9 [mNm]     ideal stall torque 
Warning: n0 higher than maximum permissible speed! 
R : 0.33 0.31 0.29 [Ohm]     terminal resistance phase to phase 
L : 0.108 0.090 0.072 [mH]      terminal inductance phase to phase 
JR : 130.9 119.0 107.1 [gcm²]    rotor inertia 
Tm : 10.8 7.9 5.0 [ms]      mechanical time constant 
EtaMax : 87.0 [%]       max. efficiency 
NMax : 15000 [rpm]     max. permissible speed 
PVMax : 36.061 [W]       max. continuous power loss at   5000 rpm 
Imax : 8.843 [A]       max. continuous current at   5000 rpm 
Mzul : 165.165 [mNm]     max. continuous torque at   5000 rpm  
TWMax : 125 [°C]      maximum winding temperature 
Rth1 : 0.90 [K/W]     therm. resitance winding-housing 
Rth2 : 1.90 [K/W]     therm. resitance housing-ambient 
TthW : 28.0 [s]       therm. time constant winding 
TthS : 1602.0 [s]       therm. time constant stator   
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LOAD DATA         Motor type: 136204  /    
EC-motor d45, brushless, D, 150W, ball bearings, 2 shafts    
   
                  Applied voltage    : 32.06 [V] 
                  Ambient temperature: 25.0 [°C]  
       MB         n          P2         ETA         I         R          TW 
     [mNm]      [rpm]        [W]        [%]        [A]      [Ohm]       [°C]  
      8.52      14414      12.86       55.6      0.721       0.34       49.0 
     17.04      14338      25.58       70.9      1.126       0.34       49.6 
     25.56      14266      38.18       77.8      1.532       0.34       50.4 
     34.08      14198      50.67       81.5      1.939       0.34       51.5 
     42.60      14134      63.05       83.8      2.347       0.34       53.0 
     51.12      14074      75.34       85.2      2.758       0.35       54.8 
     59.64      14017      87.54       86.1      3.172       0.35       57.0 
     68.16      13964      99.67       86.6      3.589       0.35       59.6 
     76.68      13915     111.73       86.9      4.010       0.36       62.6 
     85.20      13869     123.74       87.0      4.436       0.36       66.1 
     93.72      13828     135.71       86.9      4.869       0.36       70.1 
    102.24      13790     147.64       86.8      5.309       0.37       74.8 
    110.76      13757     159.56       86.4      5.758       0.38       80.1 
    119.28      13729     171.48       86.0      6.219       0.38       86.3 
    127.80      13706     183.43       85.5      6.694       0.39       93.5 
    136.32      13691     195.44       84.8      7.188       0.40      102.1 
    144.84      13684     207.56       84.0      7.707       0.42      112.3 
    153.36      13691     219.86       83.0      8.263       0.43      124.8 
    161.88      13716     232.51       81.7      8.875       0.45      141.1 
    170.40      13778     245.85       79.9      9.593       0.48      163.9 
    178.92      13960     261.55       76.7     10.642       0.53      207.3  
Notes: The calculated values apply to the warm motor with block commutation. 
       At temperatures above the maximum winding temperature of 125 °C,  
       the winding may loose its shape causing motor failure. At even higher  
       temperatures, the permanent magnet may undergo an irreversible demagetization.  
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INPUT DATA FOR FLIPPER MOTOR 148877  
Gearhead Application 
Times load torque speed 
[msec] ML[mNm] nL[rpm] 
0.0 40300.000 5.000  
reduction ratio i:   320.00 [:1] 
efficiency    ETA:       90 [%]  
MAIN INPUT APPLICATION LIMITS 
motor type:         All ambient temperature:   25.0 [°C] 
motor program:      Stock commutation:          
gearhead type:      All gearhead input speed: 
tacho/encoder:      None drive diameter:       
applied voltage:    24.0   [V] drive length:         
tolerance range in: Voltage               
tolerance:          -50.00 to +0.00 [%]  
CALCULATED OUTPUT POWER 
output power:       23.446 [W]  
SYSTEM COMPONENTS 
Drive:     148877      
Motor:     148877      
             RE-motor d40, graphite brushes, 150W, ball bearings, 2 shafts  
Gearhead:     - 
              
Tacho:        - 
              
Encoder:      - 
              
Resolver:     - 
              
Special:      -  
CALCULATED SYSTEM DATA 
no load speed:   2137.1 [rpm] 
load speed:      1599.8 [rpm] 
load torque:      140.0 [mNm] 
   
CALCULATED MOTOR DATA 
applied voltage     :  13.6 [V]    
continuous current  :  2364 [mA]  
   
motor speed         :     1600 [UpM] 
motor torque        :    140.0 [mNm]   
winding temperature :  78.8 [°C] 
 Mechanical Design of a Small All-Terrain Robot  Page A15   
Master of Engineering Thesis 
NOMINAL VALUES AND         Motor type: 148877  /    
TOLERANCE   LIMITS         RE-motor d40, graphite brushes, 150W, ball bearings, 2 shafts 
                           Applied voltage  : 13.57 [V] 
                           Rotor temperature: 25.0 [°C]    
MAX NOMINAL MIN 
R : 1.28 1.18 1.09 [Ohm]     terminal resistance at IH 
RUEA : 0.09 0.07 0.05 [Ohm]     brush contact resistance 
L : 395.2 329.3 263.5 [µH]      terminal inductance 
Km : 65.13 60.31 55.48 [mNm/A]   torque constant 
Kn : 172 158 147 [rpm/V]   speed constant 
JR : 147.1 133.7 120.4 [gcm²]    rotor inertia 
Tm : 5.2 4.3 3.6 [ms]      mech. time constant 
TthW : 40.0   [s]       therm. time constant winding 
dn/dM : 3.96 3.10 2.45 [rpm/mNm] speed-torque gradient 
ni : 2335 2148 1989 [rpm]     ideal no load speed 
aMax : 67541 51738 40037 [rad/s²]  max. angular acceleration 
IH : 12480 11472 10615 [mA]      starting current 
MIH : 812.9 691.9 588.9 [mNm]     ideal stall torque 
n0 : 2327 2137 1975 [rpm]     no load speed 
I0 : 65.5 44.5 27.2 [mA]      no load current     
59.5 [mA]      no load current statistical 
MVA : 2.813 2.115 1.417 [mNm]     fictive starting friction torque 
C5 : 3.5E-004 2.7E-004 1.8E-004 [mNm/rpm] dynamical friction 
torque 
MR : 3.636 2.685 1.771 [mNm]     no load friction torque  
NMax : 8200 [rpm]     max. permissible speed 
PVMax : 19757 [mW]      max. continuous power loss 25 °C TU 
Imax : 3327 [mA]      max. continuous current 25 °C TU 
Mzul : 200.636 [mNm]     max. continuopus torque 25 °C TU  
TWMax : 155 [°C]      max. rotor temperature 
Rth1 : 1.93 [K/W]     thermal resistance winding-housing 
Rth2 : 4.65 [K/W]     thermal resistance housing-ambient  
P2Max : 38052 [mW]      max. output power 
MP2Max : 343.58 [mNm]     torque     at P2Max 
nP2Max : 1058 [rpm]     speed      at P2Max 
IP2Max : 5737 [mA]      current    at P2Max 
EtaP2Max : 48.9 [%]       efficiency at P2Max  
EtaMax : 87.5 [%]       max. efficiency 
PetaMax : 8302 [mW]      power    at EtaMax 
MetaMax : 39.53 [mNm]     torque   at EtaMax 
NEtaMax : 2005 [rpm]     speed    at EtaMax 
IetaMax : 699 [mA]      current  at EtaMax  
RCu ± 7%   RUe ± 25%   L ± 20%   BL ± 8%   JR ± 10%   MR ± 33%  
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LOAD DATA       Motor type: 148877  /    
RE-motor d40, graphite brushes, 150W, ball bearings, 2 shafts 
                 
                Applied voltage    : 13.57 [V] 
                Ambient temperature: 25.0 [°C]  
       MB         n          P2         ETA         I         R          TW 
     [mNm]      [rpm]       [mW]        [%]       [mA]      [Ohm]       [°C]  
     10.00       2102       2201       77.2        210       1.37       25.4 
     20.00       2069       4333       85.0        376       1.33       26.2 
     30.00       2035       6394       87.0        542       1.31       27.5 
     40.00       2002       8385       87.4        707       1.31       29.3 
     50.00       1968      10303       87.0        873       1.30       31.5 
     60.00       1933      12146       86.2       1039       1.31       34.3 
     70.00       1897      13909       85.2       1204       1.31       37.5 
     80.00       1861      15588       83.9       1370       1.32       41.3 
     90.00       1823      17177       82.5       1535       1.34       45.8 
    100.00       1783      18669       80.9       1701       1.36       50.8 
    110.00       1741      20054       79.2       1867       1.38       56.6 
    120.00       1697      21322       77.3       2032       1.40       63.1 
    130.00       1650      22461       75.3       2198       1.43       70.5 
    140.00       1600      23455       73.2       2364       1.46       78.8 
    150.00       1546      24285       70.8       2529       1.50       88.3 
    160.00       1488      24928       68.2       2695       1.55       98.9 
    170.00       1424      25358       65.4       2860       1.60      111.0 
    180.00       1355      25538       62.2       3026       1.66      124.7 
    190.00       1278      25427       58.7       3191       1.72      140.4 
    200.00       1192      24970       54.8       3357       1.80      158.3 
    210.00       1096      24097       50.4       3522       1.89      179.0    
The friction torque dependencee on radial load and temperature is not considered 
in the calculations. The stored parameters are only valuable without radial load  
and at an operating temperature of 25°C.  
The changes of the magnetic field in the air gap, depending on temperature too,  
are not considered. 
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C VEHICLE ELECTRONICS 
The overall configuration of the vehicle electronics onboard the vehicle is shown in Figure C1. 
The 3D blocks in the figure represents the individual modules for mission operation and control 
of the robot. The onboard vehicle electronics mainly interact and communicate with the 
mission control console via the 2 wireless data-links housed onboard the vehicle.   
The Central Microprocessor is the heart of the whole vehicle electronics module. All 
commands from the operator and all sensors data are sent to this module before being sent 
out to the relevant sub-modules. The video and audio would be sent back to the operator via 
the video transmitter directly instead of through the microprocessor. The processor would only 
switch between the images to be sent back to the operator. All the modules are linked through 
RS232 interface to the processor. The control of the various modules onboard the vehicle, 
such as the pan-tilt unit, the motors and the payloads are achieved via commands sent from 
the operator through the wireless data modem. Essential data that the operator requires such 
as tilt sensor/ compass, GPS module and ultrasonic sensors are also fed back via the same 
wireless data modem. 
Figure C1: Overall Configuration of On-board Electronics 
C.1. SENSORS 
One of the main building blocks for vehicle teleoperated system is the sensory module. 
Sensors are required onboard the vehicle for two primary reasons: - 
To provide vehicle navigational capabilities and 
To give spatial situation awareness around the robot to the operator  
Some of the onboard sensors are (1) GPS Receiver, (2) tilt/compass, (3) pan-tilt-zoom camera 
and (4) acoustic sensor.  
The GPS receiver will be used as the basic navigational capability for the mobile robot. It is a 
mature system that provides positional data to the operator and facilitates precision outdoor 
navigation between waypoints. Differential GPS (DGPS) capability is also designed for the 
GPS receiver for increased accuracy in future performance enhancements. When GPS signals 
are not received (e.g. indoor), dead reckoning techniques will be employed.  
Knowing one’s position is of limited use if the orientation of the vehicle is not known. To aid in 
vehicle navigation, a tilt sensor/compass will be used to provide information on the vehicle’s 
orientation in all 3 axis (the pitch, yew and row angles). 
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The pan-tilt camera acts as the main vision sensor to enable the operator to manoeuvre the 
vehicle. With fully integrated pan-tilt and zoom capabilities, it is able to provide the operator 
with spatial situation awareness (visual) around the robot.  
A simple microphone is used onboard the vehicle as an acoustic sensor. Audio signals may 
then be sent through the wireless transmitter to the user for additional situation awareness for 
the operator.  
C.2. WIRELESS DATALINK 
Arguably one of the most important components in the mission operation and control is the 
wireless communications module. The wireless datalink allows the operator to: - 
Operate and control the robot remotely and 
To obtain visual, audio and other feedback signals from the robot. 
In view of the above, 2 wireless datalinks have been proposed. One directional (simplex) 
wireless datalink dedicated for video and audio transmission only (from robot to base station) 
and one bi-directional wireless datalink for the control and command of the robot.  
It has been estimated that both the wireless data modem and the wireless video transmitter 
should have a RF power output of 1W. Also, the baud rate of 9600bps is recommended for the 
wireless data modem to meet the operational needs.  
C.3. THE PC/104 SINGLE BOARD COMPUTER 
The microprocessor is like a “brain” to the teleoperated vehicle. Receiving commands mainly 
from the operator via the wireless data modem, it processors and translates the data into 
relevant low-level commands to the various modules on the vehicle.  
Besides controlling various modules onboard the vehicle, the microprocessor will also be used 
to switch off some modules onboard the vehicle to save energy when not in use. The 
microprocessor is also essential for data processing and calculation purposes. Last but not 
least, the microprocessor may be used to check the various status of the vehicle. For example, 
the battery levels onboard the vehicle, the current velocity of the vehicle etc. In summary, the 
microprocessor may be used for the following: - 
Control of various modules onboard the vehicle 
To act as a switch for some modules onboard the vehicle 
To process/interpret data 
To do essential vehicle status checking 
Figure C2 clarifies the above concept. 
























Figure C2: Main Functions of the Microprocessor  
The PC/104 Single Board Computer (SBC) is used in this project. The main reason is its 
compactness in size and lightweight. In addition, the PC/104 architecture is utilized for its 
simple feature in future expansion and easy configuration. One or more PC/104 modules may 
be stacked together and each of the modules acts as a compact bus board itself; thus 
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eliminating the need for bulky back planes or card cages. Each module in stack takes up 
16mm and its size is less than 10cm by 10cm.  
Some of the PC/104 modules used are (1) PC/104 CPU module, (2) PC/104 Multi-serial 
communications port module, (3) PC/104 Motion controller module and (4) PC/104 Power 
management module  
Interfaces with other modules (such as the pan-tilt camera and the GPS receiver) are mainly of 
the RS-232 serial link. A PC/104 multi-serial communications port module will be connected to 
the PC/104 CPU via the PC/104 bus to provide for multiple serial port communications.  
A motion controller is used for the control of the various drive motors of the vehicle. The 
microprocessor takes in the commands from the operator (for vehicle motion control) via the 
wireless data modem. It then processes and sends out the relevant commands to the motion 
controller, which in turn handles these commands and translates them into signals to the 
servoamp to drive the motors. The motion controller will also handle the feedback control loop 
(through the encoder readings integrated with the motors) for driving the motors. 
A power management module is used for powering up the various modules onboard the 
vehicle. The main voltages required are +5VDC and +12VDC. As there will be a main power 
source onboard the vehicle, the power management module basically converts the main 
voltage supply to the various suitable voltages required.  
The operating system (OS) used onboard the vehicle is DOS and the programming language 
‘C’ programming. Programming in DOS environment allows the programmer to have direct 
access to the communication ports on the CPU.  
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D MISSION CONTROL CONSOLE 
The overall purpose of the Mission Control Console (MCC) is to provide a portable control 
console for the user to operate the vehicle from a remote location.  In this way, the operator 
will be away from exposure to any possible risk or danger such as in a radioactive 
environment, while carrying out the tasks assigned to the vehicle.  For this case, the concept 
of wearable computers is adopted for the MCC so as to provide a relatively lightweight, 
portable and user-friendly control console.  
Basically, the MCC must satisfy the following requirements in order to achieve its objectives. 
Teleoperation capability: To allow the operator to remotely control the vehicle and its 
onboard payloads such as the pan-tilt-zoom camera. 
Display of Vehicle Status: To allow the operator to monitor the current status of the 
vehicle. 
Spatial Situation Awareness: To feedback to the operator continuous full-motion 
video images and audio output from the vehicle onboard cameras and microphone 
respectively, giving a semi-telepresence capability.  
The MCC generally consists of the following 3 main modules as shown below. 
Mission Controller Module, which is made of the Embedded Computer subsystem, 
Communications subsystem and the Power Supply subsystem. 
User Controller Module, which comprises of the Remote Controller Unit (RCU) and 
the Head Mounted Display (HMD). 
Mission Controller Software Module.  
D.1. MISSION CONTROLLER MODULE 
This module is essentially the ‘heart’ of the MCC for it will determine the actual control action 
desired by the operator and translate them into the correct commands to be sent to the 
computer onboard the vehicle.  At the same time, it will reflect to the operator the current 
status of every major aspect of the vehicle.  
a. Embedded Computer 
The embedded computer used is a PC/104 Plus based Intel Pentium 266MHz CPU module, 
which basically provides all the necessary computational power, and interfaces or control of 
the overall MCC system.  The video framegrabber is also PC/104 Plus based, and is capable 
of about 30 fps video capture rate at about 320x340 resolution.  
The usage of the PC/104 standard enables the system to take advantage of future trends in 
the embedded computing market, and also offers the convenience, flexibility, risk reduction 
and scalability of multi-sourced COTS products.  
Sufficient harddisk space is also allocated for the storage of images (from the drive camera) 
that is captured by the operator.  These surveillance images can then be downloaded to a host 
computer at a later stage for reference or situation planning.  
b. Communications subsystem 
It consists of 2 major components – the RF video receiver and the wireless data modem.  The 
RF video receiver is used to receive the video images from the drive camera transmitted from 
the vehicle, while the wireless data modem is used for data transfer between the vehicle and 
the MCC.  
c. Power Supply 
Rechargeable batteries provide the overall power for the MCC, and they must be able to 
sustain the operation of the entire MCC system (which includes both the Main Controller and 
the User Interface Subsystems) for at least the operational duration of the vehicle.  
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D.2. USER CONTROLLER MODULE 
This module provides the interface between the operator and the vehicle.    It basically 
consists of 2 main components: the Remote Controller Unit (RCU) and the Head Mounted 
Display (HMD).  It is an extremely crucial module as it enables the operator to carry out the 
desired control actions such as the movement of the vehicle, control of the manipulator arm or 
camera and payload activation.  
The RCU is handheld and relatively lightweight.  It consists of the necessary joysticks and 
switches to enable the user to operate the vehicle with relative ease.  An additional handheld 
input device known as the Twiddler 2, which comprises of a mouse and a keypad, is also 
included for text input.  
The HMD used in this case is the commercially available Sony LDI-100 Glasstron.  It can 
either be worn on the user’s head or mounted on an appropriate headgear, with the viewing 
screen positioned directly in front of the user’s eyes.  It provides a VGA display at 640x480 
resolution with see through display capability.  It also incorporates audio output such as a pair 
of earphones so that the operator is able to listen to the sounds that are picked up by the 
microphone onboard the vehicle.  Thus, the HMD enables the operator to have a spatial 
awareness of the environment that the vehicle is currently operating in, through feedback of 
the video images and audio output from the vehicle.  
D.3. MISSION CONTROLLER SOFTWARE MODULE 
The Mission Controller Software module (hereby known as MCS) is developed in-house. At 
this stage, the MCS is developed under the Windows 95/98 operating system environment 
using Microsoft Visual C++.  Such an approach is in line with the design guidelines mentioned 
earlier, which emphasises on the usage of COTS products.  
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The MCS is loosely divided into two main portions as shown below. 
a. Human Machine Interface (HMI) 
The HMI portion consists of the status display screens of the vehicle and its various essential 
onboard components.  
b. System Executive (SE) and Communications 
It handles all the data transaction and processing logic including wireless data transfer with 
vehicle and video images from framegrabber.   
D.4. SYSTEM I NTEGRATION OF MCC 
Refer to Figure D1 for the overall system integration diagram of the MCC. 
Figure D1: Overall Configuration of the MCC  
Through the entire operation, there are constant video and audio outputs from the vehicle to 
the MCC.  In addition, data containing the status of the vehicle is constantly updated to the 
MCC through the wireless data modem.  
The video stream received by the RF receiver contains image from the pan/tilt camera on the 
vehicle.  This is then fed into the video input channels on the PC/104 based framegrabber.  
The provided SDK from the framegrabber is used to display a constant real-time video image 
at about 30 fps through the HMD.  Besides the video image, the audio output from the RF 
receiver will also be sent to the earphones on the HMD through the embedded computer.  
From the remote controller unit, the movements of the joysticks and the status of the various 
panel switches are captured by the embedded computer through the RS-232 ports.  From the 
information gathered from these controls, the embedded computer is able to determine the 
action desired by the operator and in turn transmits the corresponding control action to the 
vehicle through the wireless data modem.  In addition, the various status gathered from the 
vehicle are displayed on the HMD so that the operator is aware of his surroundings (with the 
see-through mode of the HMD) than to spend time looking down at the remote controller unit 
to retrieve the necessary information. 
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E MODULAR PAYLOADS 
The implementation of payloads introduces the task capabilities of the robotic vehicle.  They 
determine the manipulative functions to be performed by the robotic vehicle.  Various payloads 
are in the initial process of research and development.  Presently, the surveillance payload 
that involves a pan-tilt mechanism, a viewing camera for daytime operation and thermal imager 
for nighttime operation has been identified for the robotic vehicle.    
E.1. PAN-TILT MECHANISM 
The pan-tilt-zoom camera is mounted on a pan-tilt mechanism to provide the basic 
manoeuvrable capability of the viewing camera. The maximum load capacity of the mechanism 
is 1kg. The minimum pan and tilt speeds are determined at 180° per second and 90° per 
second respectively. The pan-tilt mechanism is connected to the platform electronics via a RS-
232 link.  
E.2. VIEWING CAMERA 
The viewing camera is a colour CCD camera with zoom capabilities.  
E.3. THERMAL I MAGER 
The thermal imager operates in a long-wavelength infrared spectrum, which enables 
applications like ground-based night surveillance. It provides analog video in monochrome and 
the images are generated at 30 frames per second. The field of view is 40° x 30° and minimum 
focus range is 0.3 metres. 
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